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GENERAL INTRODUCTION 
Biochemical factors involved in the conversion of muscle to meat impact the quality 
of fresh meat and ultimately, consumer acceptance. The quality of fresh pork can be 
attributed to many characteristics including color, firmness, flavor, juiciness, water-holding 
capacity, and tenderness. This study will focus on the factors that influence water-holding 
capacity and tenderness. 
Water-holding capacity impacts the profitability of fresh product. Drip loss can range 
from 2- 10% when meat is cut into steaks (Offer and Knight, 1988b). This drip loss equates 
to pounds of product loss. It has been hypothesized that drip loss in postmortem tissue 
results from water moving from intracellular spaces to extracellular spaces due to lateral 
shrinkage of the myofibrils (Offer and Knight, 1988b). Degradation of specific proteins 
involved in intermyofibrillar connections (such as desmin) would 'open up' the myofibrillar 
structure and allow water to be retained within the muscle cell, thereby resulting in a greater 
water-holding capacity (Kristensen and Purslow, 2001). Rowe et al. (2001a) showed that 
pork samples with lower drip loss at two and five days postmortem had increased desmin 
degradation. Therefore, it is hypothesized that increased degradation of specific proteins 
may have a significant impact upon water-holding capacity. 
The second pork quality characteristic of interest is tenderness. Morgan et al. (1991) 
revealed variability and inconsistency in beef tenderness. Although pork is faster tenderizing 
than beef (Koohmaraie et al., 1991), it has been reported by De Vol et al. (1988) that there is 
significant variability in pork tenderness. Koohmaraie (1994) stated that proteolysis of key 
myofibrillar proteins may improve meat tenderness. Degradation of titin and nebulin (Huff-
Lonergan et al., 1995, 1996; Taylor et al., 1995b), desmin (Huff-Lonergan et al. 1996; 
Wheeler and Koohmaraie, 1999), and troponin-T (Olson and Parrish, 1977; Ho et al., 1996; 
Huff-Lonergan et al., 1996) in postmortem muscle is related to meat tenderness. 
Evidence supports that calpains have an instrumental role in postmortem proteolysis 
(Koohmaraie, 1996). The proteolysis of titin, nebulin, desmin, and troponin-T is a result of 
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the calpain activity (Goll et al., 1999). The rate of pH decline influences calpain activity and 
autolysis, therefore, impacting the rate of proteolysis (Rowe et al., 2001a). The activity of 
the endogenous inhibitor, calpastatin, may also influence calpain activity (Ouali and Talmant, 
1990; Geesink and Koohmaraie, 1999). 
In conclusion, calpain and calpastatin activity, pH, and proteolysis may ultimately 
influence the factors of quality such as water-holding capacity and tenderness. 
Thesis Organization 
This thesis is in an alternate style format consisting of a general introduction, a 
general review of literature, paper prepared for publication, and a concluding summary. The 
paper represents the work done by the first author to fulfill requirements for the degree of 
Master of Science. The paper was prepared according to the Journal of Animal Science Style 
and Form guide. This paper consists of an Abstract, Introduction, Materials and Methods, 
Results and Discussion, Implications, and Literature Cited sections. 
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REVIEW OF LITERATURE 
The Basic Structure of Muscle 
Three kinds of muscle found in mammals are skeletal, cardiac, and smooth muscle 
(Goll et al., 1984). The kinds of muscle can be determined by differences in neural control, 
location in the body, and appearance under a phase-contrast microscope. Skeletal muscle is 
under direct neural control and therefore, is termed voluntarily controlled whereas cardiac 
and smooth muscle are autonomically controlled (Goll et al., 1984). Both smooth muscle 
and skeletal muscle are located throughout the body whereas cardiac muscle is only found in 
the heart (Goll et al., 1984). Smooth muscle is located is in the walls of the blood and 
lymphatic vessels, walls of the digestive, urinary, reproductive, and respiratory tracts, and the 
dermal layer of the skin (Goll et al., 1984). Skeletal muscle is found throughout the body 
including at points of attachment to the skeleton. Under a phase-contrast microscope 
muscles are also classified into two categories-striated or smooth (Huxley, 1963b). Smooth 
muscle cells are long, spindle-shaped cells with a thick diameter in the center of the fiber and 
narrow tapering ends (Cassens et al., 1987). Skeletal and cardiac muscles are classified as 
striated due to the alternating dark and light bands as viewed under the microscope. 
However, there are notable differences between skeletal and cardiac muscles. Skeletal 
muscle is composed of multinucleated cells with the nuclei located at the periphery of the 
cell (Cassens et al., 1987), whereas cardiac muscle is distinguishable from skeletal muscle 
due to the intercalated discs. Intercalated discs are dense regions located transverse to the 
long axis of the fibers and serve as sites of end-to-end attachment (Cassens et al., 1987). 
Because skeletal muscle is primarily used in meat products, the discussion of this 
paper will focus on skeletal muscle. Skeletal muscle contains three connective tissue 
networks that provide support and organization within the muscle (Cassens et al., 1987). The 
outermost layer, epimysium, encapsulates the entire muscle, is a site of fat deposition, and is 
often fairly thick and tough (Goll et al., 1984). At irregular intervals, the perimysium passes 
into the muscle to encapsulate muscle bundles. The endomysium passes from perimysium 
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into the muscle bundles to encapsulate muscle fibers or muscle cells (Goll et al., 1984). The 
muscle fibers are the cellular units of the muscle (Goll et al., 1984). 
Muscle fibers are long, threadlike cells that range in diameter from 10 µm to more 
than 100 µm (Huxley, 1963b). The muscle fiber is composed of the sarcolemma, nuclei, 
sarcoplasm, mitochondria, and myofibrils (Cassens et al., 1987). The sarcolemma lies 
adjacent to the endomysium, is about 70 to 100 nm thick, and is the outer muscle cell 
membrane (Goll et al., 1984). The muscle fibers contain an average of 100 to 200 nuclei 
(multinucleated), each 8-10 µm in length and located on the periphery of the cell (Goll et al., 
1984). The cytoplasm in the muscle cell is called the sarcoplasm and in contrast to 
nonmuscle cells, the sarcoplasm has a slightly different glycolytic enzyme content and 
contains myoglobin, an oxygen-storing protein (Goll et al., 1984). The sarcoplasm also 
contains water (75-80 percent), lipid droplets, glycogen granules, ribosomes, and other 
proteins (Alberle et al., 2001). The oxygen stored within the muscle cell is used by the 
mitochondria (located between the myofibrils and underneath the sarcolemma) during 
aerobic metabolism (Goll et al., 1984). The sarcoplasmic reticulum and transverse tubule 
membrane system surround each of the myofibrils and serve in the excitation-contraction 
mechanism (Cassens et al., 1987). The transverse-tubules are invaginations of the 
sarcolemma (Mickelson and Louis, 1993) and as the name implies, they run transversely 
across the myofibrils. The sarcoplasmic reticulum is important in that it acts as a reservoir 
for Ca2+ ions within muscle cells (Mickelson and Louis, 1993). Myofibrils are long, 
cylindrical rods (1 µmin diameter) (Cassens et al., 1987) that run the length of the muscle 
(Huxley, 1963b) and serve as the contractile unit within muscle cells. 
A large portion (80-87 percent) of the skeletal muscle cells is occupied by myofibrils 
(Goll et al., 1984). As viewed under a phase-contrast microscope, the myofibrils reveal a 
striated appearance with a pattern of light and dark bands. The dark band under a phase-
contrast microscope is birefrigent (doubly refractive) when viewed with polarized light and is 
therefore described as ansiotropic (Alberle et al., 2001). This band is designated as the A-
band (Alberle et al., 2001). The light band under phase-contrast microscope is weakly 
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birefrigent (singly refractive) when viewed with polarized light and is therefore described as 
isotropic (Alberle et al., 2001). This band is designated as the I-band (Alberle et al., 2001). 
In the center of the A-band (as viewed phase-contrast microscope), a lighter area (the H-
zone) is bisected by the M-line (Cassens et al., 1987). Within the I-bands, the N2-line can be 
observed in relaxed muscle (Goll et al., 1984). The structure from one Z-line to the next Z-
line is called a sarcomere and contains the following structures: Z-line, I-band, A-band 
(interrupted by the H-zone), I-band, and Z-line (Huxley, 1963b). 
The thick and thin filaments are contained within the myofibril and contribute to the 
interdignation of the myofibrillar structure (Goll et al., 1984). The thick filaments are 14 to 
16 nm in diameter and 1.5 µm long whereas the thin filaments are 6 to 8 nm long and 1 µm 
long (Goll et al., 1984). The thick filaments are located in the A-band whereas the thin 
filaments are primarily located in the I-band (Cassens et al., 1987). The thick and thin 
filaments overlap in the darkest region of the A-band whereas lightest area of the A-band (H-
zone) is due to the absence of thin filaments (Cassens et al., 1987). The thick and thin 
filaments are comprised of myofibrillar proteins. The thick filament is composed of myosin, 
C-protein, and H-protein proteins and the thin filament is primarily composed of actin, 
tropomyosin, troponin, and tropomodulin proteins (Robson et al., 1997). 
In addition to the myofibrillar proteins, proteins within the intermediate filaments and 
costameric prote~ns serve important roles within the muscle cell. The intermediate filaments 
run perpendicular to the long axis of the myofibrils and are believed to have a major role in 
maintaining overall muscle cell structure (Robson et al., 1997). Proteins within the 
intermediate filaments include desmin, paranemin, and synemin (Robson et al., 1997). 
Costameres are localized in the junctions at the I-band between the sarcolemma-adjacent 
myofibrils and the cell membrane (Greaser, 1991). The costameric proteins include filamin, 
dystrophin, talin, and vinculin (Robson et al., 1997). 
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Proteins of the Muscle 
Of the myofibrillar proteins, the six most abundant are myosin, actin, titin, 
tropomyosin, troponin and nebulin. In addition to the six myofibrillar proteins, desmin, an 
intermyofibrillar protein will be discussed. 
Myosin. Myosin is the most abundant protein within the myofibril (45% of the 
myofibrillar protein) (Robson et al., 1991) and is located within the thick filament. Myosin 
has a molecular weight of approximately 520,000 (Robson et al., 1991) and is comprised of 
six subunits: two 200,000 heavy chains and two pairs of 16,000 to 30,000 light chains 
(Cassens et al., 1987). The heavy chains consist of pear-shaped globular heads (which 
associate with the essential light chain, LCl and regulatory heavy chain, LC2) and a long 
coiled rod tail (Garrett and Grisham, 1999). Myosin molecules are oriented with the tail 
portion located in the H zone and the heads projecting from the filament in the densest 
portion of the A-band (Garrett and Grisham, 1999). Two important functions of the myosin 
head region include the actin-binding activities (Huxley, 1963a) and the enzymatic activity 
that catalyzes the removal of a phosphate group from adenosine triphosphate (ATP) (Huxley, 
1963b). These two characteristics of myosin are essential for muscle contraction. 
Actin. Actin is the second most abundant protein within the myofibril (20% of the 
myofibrillar protein) (Robson et al., 1991), is located within the thin filament (Goll et al., 
1984) and has a molecular weight of 42,000 (Robson et al., 1991). Actin is globular in 
shape, having dimensions of 55 Ax 35 Ax 50 A (Huxley, 1972). Globular actin (G-actin) 
polymerizes to form filaments called F-actin, which forms a twisted double strand (Murray 
and Weber, 1974). Actin is an essential protein in muscle contraction as it provides the 
binding sites for the myosin heads. 
Tropomyosin. Five percent of the total myofibrillar protein consists of tropomysoin 
(Robson, et al. 1991). Tropomyosin is located within the thin filament (Goll et al., 1984), has 
a molecular weight of 66,000 (Robson et al., 1991), and is comprised of two identical 
subunits (Robson et al., 1991). Tropomyosin is a rod-shaped molecule that lies in the 
grooves of the double-stranded actin filament and is 42.3 nm long (Goll et al., 1984). 
7 
Tropomyosin regulates the myosin and actin binding by covering the myosin-binding site on 
actin in the absence of Ca2+. 
Troponin. Five percent of the total myofibrillar protein consists of troponin (Robson 
et al., 1991). Troponin is located within the thin filament (Goll et al., 1984) and has a 
molecular weight of 69,000 (Robson et al., 1991). Troponin is a globular protein (Goll et al., 
1984) and consists of three subunits: troponin-C, troponin-I, and troponin-T. Each subunit 
has been defined based upon its role in muscle contraction. Troponin-C (18,000 MW) binds 
calcium ions, troponin-I (23,000 MW) inhibits the interaction of myosin and actin, and 
troponin-T (38,000 MW) binds strongly to tropomyosin (Bandman, 1987). Troponin has a 
pivitol role in muscle contraction as troponin-C binds Ca2+ to induce a conformational shift 
in the troponin complex (I, T, and C) and thus, allows for the movement of tropomyosin from 
the myosin-binding site on actin. 
Titin. Ten percent of the total myofibrillar protein consists of ti tin (Robson et al., 
1991). Titin has a molecular weight of approximately 3,700,000 (Robson et al., 1997) and 
spans from Z-line to M-line (Furst et al., 1988) with the globular head at the M-line (Nave et 
al., 1989) and the long tail located in the Z-line (Furst et al., 1988). The length of titin ranges 
from around 0.6 to 1.2 µm (Furst et al., 1988). Titin may have an important function as a 
scaffold or template for the thick and thin filaments (Wang et al., 1984). 
Nebulin. Three percent of the total myofibrillar protein consists of nebulin (Robson 
et al., 1991). Nebulin has a molecular weight between 600,000 and 900,000 (Robson et al., 
1997) and is a long ( ~ 1 µm) inextensible protein that runs parallel to the thin filament 
(Robson et al., 1991). Nebulin may serve as a template or ruler for assembly of sarcomeric 
organization (Labeit et al., 1991) as well as help to anchor the thin filament to the Z-line 
structure (Robson et al., 1991). 
Desmin. Less than 1 percent of the total myofibrillar protein consists of desmin 
(Robson et al., 1991). Desmin has a molecular weight of 212,000 (total of 4 subunits) 
(Robson et al., 1991) and migrates at approximately 55,000 kDa on SDS-PAGE. Desmin 
makes up a very long filament (greater than 1 µm) with a 10 nm diameter (O'Shea et al., 
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1981). Desmin filaments run transversely on the periphery of the myofibrils at the Z-line and 
therefore, may serve to link adjacent myofibrils together (Robson et al., 1991). 
Muscle Contraction 
Muscle contraction is initiated and sustained by an impulse traveling down a motor 
nerve to the motor end-plate (Huxely, 1963b) or otherwise known as the neuromuscular 
junction. Upon innervation, acetylcholine (ACh) is released into the neuromuscular junction 
and the sarcolemma becomes depolarized as Na+ and K+ moves across the membrane. 
Depolarization is propagated through the sarcolemma (muscle cell membrane) to the 
transverse-tubule (T-tubule) and to the dihydropyridine (DHP) receptor (located on T-
tubule). The T-tubules are invaginations of the sarcolemma (Mickelson and Louis, 1993) 
and run transversely across the myofibrils. DHP receptors function in excitation-contraction 
coupling (Mickelson and Loius, 1993) to link sarcolemma depolarization to the sarcoplasmic 
reticulum (SR) (Best et al., 1991) via the ryanodine receptor. The SR surrounds the 
myofibril (intra membrane system) and is further classified: the terminal cisternae (when the 
SR fuses at the A/I-band junction) and longitudinal cisternae (when the SR branches out 
between A/I-band junctions). The SR is important Ca2+ reservoir within the muscle cell and 
is responsible for regulation of Ca2+ sarcoplasmic concentration (Mickelson and Louis, 
1993). The Ca2+ -releasing channel, located on the terminal cisternae, bridges the gap 
between the SR and T-tubule and functions in the signaling process to release Ca2+ into the 
sarcoplasm (Best et al., 1991). Troponin interacts with Ca2+ when released into the 
sarcoplasm. 
The Ca2+ binding action of troponin-C causes a conformational shift in the troponin 
complex (troponin-1, troponin-T, and troponin-C). In the absence of ca2+, troponin-C is 
loosely bound to troponin-1 and troponin-T, troponin-1 is firmly bound to actin and loosely 
bound to troponin-T, and troponin-T is strongly bound to tropomyosin (Goll et al., 1984). 
However, in the presence of Ca2+ troponin-C becomes strongly bound to troponin-1 and 
troponin-T, and troponin-1 loses its affinity for actin while retaining the loose linkage to 
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troponin-T (Goll et al., 1984). As a result, the tropomyosin strand moves into the double-
stranded actin helix and exposes the myosin-binding site (in relaxed muscle, tropomyosin is 
located out of the groove of the double-stranded helix of actin to partly block the myosin-
binding site) (Goll et al., 1984). This movement of tropomyosin allows for myosin cross-
bridges to interact with actin, which then triggers the myosin head to swivel with respect to 
the shaft of the myosin filament, thus pushing the actin filament toward the center of the 
sarcomere (Goll et al., 1984). This contraction decreases the length of I-band and H-zone, 
but does not change the distance from Z-disks to nearby H-zone and the length of the A-band 
(Garrett and Grisham, 1999). In order for this process to repeat, ADP and inorganic 
phosphate must be released from myosin, a new molecule of ATP must bind to the myosin 
head to allow for the myosin head to relax, and for the dissociation of myosin cross-bridge 
from actin (Goll et al., 1984). This series of events continues until the sarcoplasmic 
reticulum Ca2+-ATPase, located on the sarcoplasmic reticulum membrane, resequesters the 
free Ca2+ in the sarcoplasm. In the absence of Ca2+, troponin-C no longer binds Ca2+, 
troponin-I interacts directly with actin (Garrett and Grisham, 1999), and tropomyosin moves 
out of the actin helix groove to cover the myosin-binding sites on actin (Goll et al., 1984). 
Throughout this process ATP has three very important roles: providing energy for 
muscle contraction (Goll et al., 1984), dissociation of the actin-myosin complex (Goll et al., 
1984), and providing energy to the sarcoplasmic reticulum Ca2+ ATPase pumps. There are 
three main sources of providing ATP for muscle contraction and relaxation: CP (creatine 
phosphate), ADP (adenosine diphosphate), and metabolism to yield ATP (adenosine 
triphosphate). The enzyme creatine kinase catalyzes the reaction between ADP and creatine 
phosphate (Goll et al., 1984) to produce ATP and creatine. Muscle contraction is dependent 
upon the rapid ability of the muscle to produce ATP. The creatine kinase reaction 
replenishes the ATP after muscle contraction and as a result, creatine phosphate is consumed 
(Goll et al., 1984). In order to replenish creatine phosphate, the metabolic process called 
glycolysis produces ATP from carbohydrates. An additional reaction involved in ATP 
production is catalyzed by the enzyme myokinase, which catalyzes the degradation of two 
ADP molecules into AMP and ATP (Goll, et al. 1984). 
Muscle Metabolism and Rigor Mortis 
Glycolysis is an important pathway for providing ATP for the living muscle cell (Goll 
et al., 1984). Glycolysis involves a series of reactions: 
(1) Phosphorylation of glucose by hexokinase or glucokinase, 
(2) Isomerization of glucose-6-phosphate by phosphoglucoisomerase, 
(3) Phosphorylation of the first carbon on fructose-6-phosphatethe by 
phosphofructokinase, 
( 4) Cleavage of fructose-1-6-bisphosphate by fructose bisphosphate al do lase to 
yield dihyroxyacetone phosphate and glyceraldehyde-3-phosphate, 
(5) Conversion of dihydroxyacetone phosphate to glceraldehyde-6-phosphate by 
triose phosphate isomerase, 
(6) Oxidation of glyceraldehyde-3-phosphate by glyceraldehyde-3-phosphate 
dehydrogenase, 
(7) Transfer of a phosphoryl group from 1, 3-bisphosphoglycerate to ADP to 
produce an ATP, 
(8) Movement of a phosphoryl group of 3-phosphoglycerate from the third carbon 
to the second, 
(9) Catalysis of 2-phosphoglycerate by enolase, and 
(10) Transfer of a phosphoryl group from phosphoenolpyruvate to ADP to form 
ATP (Garrett and Grisham, 1999). 
In aerobic conditions, pyruvate is converted into acetyl-CoA to continue through the 
citric acid cycle and oxidative phosphorylation (Garrett and Grisham, 1999). However, in 
anaerobic (absence of oxygen) metabolism pyruvate can not be oxidized in the citric acid 
cycle and oxidative phosphorylation, but rather reduced by lactate dehydrogenase to produce 
lactate (Garrett and Grisham, 1999). These differences between aerobic and anaerobic 
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glycolysis are reflected in the efficiency to produce ATP. In living tissue, aerobic glycolysis 
is the most efficient means of producing ATP. Two mol of ATP are consumed during 
phosphorlyation of glucose (1 mol) and phosphorylation of fructose-6-phosphate (1 mol). 
However, ATP is produced during dephosporylation of 2 molecules of 1, 3-bisphoglycerate 
(2 mol) and dephosphorylation of 2 molecules of phosphoenolpyruvate (2 mol) (Garrett and 
Grisham, 1999). Additionally, during the citric acid cycle 2 molecules of ATP are produced 
and 26 to 28 mol of ATP are produced during oxidative phosphorylation (Garrett and 
Grisham, 1999). In summation, glucose oxidation has a net ATP yield of 30 to 32 (Garrett 
and Grisham, 1999). On the other hand, a total of 3 mol of ATP [without including ATP 
required for phosphorylation of glucose] and 2 mol of lactic acid are produced from 1 mol of 
glucose (Goll, et al. 1984). 
During the conversion of muscle to meat, exanguination ceases the exchange of 
nutrients (including oxygen) between the circulatory system and muscle tissue due to the 
functional loss of the circulatory system. This causes the muscle to rely on anaerobic 
metabolism rather than aerobic metabolism. As a result, ATP is produced less efficiently 
while ATP continues to be consumed within the muscle (muscle contraction, sarcoplasmic 
reticulum Ca2+ ATPase pumps). Additionally, lactic acid begins to accumulate because the 
circulatory system is no longer able to remove the lactic acid from the muscle and carry it to 
the liver where the lactic acid could be converted to glucose (Goll et al., 1984). Due to 
production of lactic acid during anaerobic metabolism, the pH declines from 7.4 at 
exanguination to approximately 5.5 to 5.8. The rate at which the pH drops (declines) is 
closely related to muscle temperature with higher temperatures resulting in a faster rate of pH 
decline and lower temperatures resulting in a slower rate of pH decline (Pearson, 1987). 
When ATP is longer available, permanent bonds form between myosin and actin (called 
actomyosin). This condition is termed rigor mortis. 
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Muscle Fiber Types 
The rate at which ATP is expended and ultimate pH is attained can be impacted by a 
combination of factors-myosin ATPase activity and other metabolic parameters. Myosin 
ATPase activity affects the contractile speed of the cell (Goll et al., 1984). The fast-twitch 
muscle fiber types have the greatest myosin ATPase activity; therefore, it would have the 
greatest contractile speed and would use ATP at a quicker rate than a slow-twitch muscle 
(lower ATPase activity). Metabolic type of muscles can be considered oxidative or 
glycolytic. Glycolytic muscle types depend upon glycogen as their main source of energy 
where as oxidative muscle types depend upon lipid oxidation as the main source of energy 
(Goll et al., 1984). A greater amount of substrate (glycogen), as in the case for glycolytic 
muscle types, may allow for a greater concentration of lactic acid to accumulate and thus, 
cause a lower ultimate pH within the muscle. 
Three main muscle types are fast-twitch glycolytic (FG), fast-twitch, oxidative-
glycolytic cells (FOG), and slow-twitch, oxidative cells (SO) (Goll et al., 1984). The SO are 
adapted for slow contractions for long periods of time, obtain most energy from aerobic 
metabolism and little energy from anaerobic metabolism, have more myoglobin, smaller cell 
diameters, and more lipid, are resistant to fatigue, and have lower myosin ATPase activity 
(Goll et al., 1984). FG are adapted for fast contractions for short periods of time, obtain most 
energy from anaerobic metabolism, have less myoglobin, larger cell diameters, and less lipid, 
are less resistant to fatigue, and have higher ATPase activity of myosin (Goll et al., 1984). 
The "heterogeneous" FOG group have short contraction periods, obtain most energy from 
aerobic metabolism, and contain larger amounts of myoglobin than FG types (Goll et al., 
1984). 
Muscle types can be classified by histochemical procedures. Histochemically 
determined classification procedures include (1) sensitivity of ATPase activity after exposure 
to high or low pH and (2) determination of aerobic metabolism by evaluating enzymes such 
as succinate dehydrogenase (SDH) and nicotinamide dehydrogenase (NADH) tetrazolium 
reductase (Pette and Staron, 1990). SDH and NADH tetrazolium reductase reflect 
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differences in mitochondria content and thereby relate differences in aerobic oxidative 
metabolism (Pette and Staron, 1990). Peter et al. (1972) used NADH tetrazolium reductase 
and ATPase activity to determine FOG, FG, and SO groups. Brooke and Kaiser (1970) 
stained for myosin ATPase to distinguish between slow-contracting type I fibers and fast 
contracting type II fibers. By a series of acid pre-incubations, type II could be further broken 
down into type IIA, IIB, and IIC. Type I fibers stained dark after preincubation at low pH 
4.3 and pH 4.6 and light after pre-incubation at pH 10.3 (Termin et al., 1989). Type IIA, IIB, 
and IIC fibers all reacted strongly after preincubation at pH 10.3, but differed in reactivity to 
pH 4.6 and 4.3 (Termin et al., 1989). Type IIA fibers showed little or no activity after 
preincubation at pH 4.6 and pH 4.3, respectively (Termin et al., 1989). Type 11B fibers 
reacted intermediately after preincubation at pH 4.6 and were unreactive after preincubation 
at pH 4.3 (Termin et al., 1989). Type IIC fibers were slightly darker than type 11B fibers at a 
pH 4.6 and unreactive after preincubation at pH 4.3 (type IIC) (Termin et al., 1989). 
Ashmore and Doerr (1971) used a combination of myosin ATPase activity and SDH activity 
to determine PR, aR, and a W system. The PR is oxidative and ATPase acid stabile, aR is 
oxidative and ATPase acid-labile, and aW is glycolytic and ATPase acid-labile (Ashmore 
and Doerr, 1971). The PR is similar to the type I classification, aR is similar to type IIA, 
and a W is similar to type IIB. Pette and Staron (1990) had discussed that there remains 
incompatibility between different methods. For example, when comparing SO (slow-twitch 
oxidative) type to muscle fiber type I, it was a similar match. However, the FG and FOG 
does not completely match fiber types IIA, IIB, or ITC (Pette and Staron, 1990). 
Muscle fiber types are related to myosin heavy chain isoforms. Myosin heavy chain 
isoforms can be differentiated by electrophoresis (SOS-PAGE). Termin et al. (1989) had 
used electrophoresis methods to separate the different myosin heavy chain (MHC) isoforms 
and had correlated the MHC isoforms to the myosin ATPase histochemical method described 
by Brooke and Kaiser (1970). The slow type I fibers (determined histochemically) were the 
fastest migrating isoform (Termin et al., 1989). The fast type Ila fibers (determined 
histochemically) exhibited the lowest electrophoresis mobility (Termin et al., 1989). The fast 
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type IIb fibers (determined histochemically) exhibited a slightly lower mobility than the 
MHC isoforms from type I fibers. The type Ild [Ilx] (determined histochemically) migrated 
between MHC of type Ila and MHC of type IIb (Term.in et al., 1989). In summary, the study 
by Term.in et al. (1989) showed that type I fibers contained MHC isoforms type I, and type 
Ila and type lib fibers contained MHC isoforms type Ila and Ilb, respectively. Type I fibers 
are characteristically highly oxidative, low or moderate glycolytic, type Ila fibers are 
moderate high oxidative, type IIb fibers are low to moderate oxidative or in other words, high 
glycolytic, and type Ild [llx] fibers are moderate high oxidative (Kelly and Rubinstein, 
1994). 
Muscle fiber types may influence pH, tenderness, and calpain activity. Lazul et al. 
(1997) had classified fibers for myosin ATPase activity according to the procedures by 
Brooke and Kaiser (1970) and used succino-dehydrogenase to identify oxidative fibers (r) 
and nonoxidative fibers (w). They found that type IIBw (glycolytic) fiber percentage was 
related to 30 minute postmortem pH (r = -0.46) and ultimate pH (r = -0.62) in Large White 
pigs. Therefore, a muscle with a higher percentage of type IIBw could be expected to have a 
lower 30-minute postmortem pH and lower ultimate pH (Larzul et al., 1997). However, 
Henckel et al. (1997) also used the method by Brooke and Kaiser (1970) to determine fiber 
type and found no significant correlations between fiber type (I, Ila, and IIb) and ultimate 
pH. 
Definitive relationships between tenderness and muscle fiber types are difficult to 
establish due to conflicting results. Karlsson et al. (1993) had used the method by Brooke 
and Kaiser (1970) to determine fiber type and found a negative correlation between the 
proportion of type IIb fibers and Wamer-Bratzler shear force on longissimus at 2 of aging 
from Yorkshire pigs fed on a low protein diet. On the other hand, Henckel et al. (1997) 
determined no significant correlations between fiber type (I, Ila, and IIb) and shear force at 
24 hours postmortem. 
Calpain activity has been found to be related to muscle fiber type (Ouali and Talmant, 
1990). Ouali and Talmant (1990) determined lactic dehydrogenase (LDH) and myosin 
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ATPase activities in bovine masseter, rectus abdominus, longissimus dorsi and tensor fascia 
latae muscles and porcine masseter, trapezius, semitendinosus, and longissimus dorsi. They 
observed lower m-calpain activity in a muscle with higher ATPase and LDH activities (Ouali 
and Talmant, 1990). 
Calpain System 
The cal pains are Caz+ -dependent endogenous enzymes that have an important role in 
myofibrillar protein turnover in mature striated muscle cells (Goll et al., 1999) and are 
responsible for most of the tenderization during postmortem storage (Goll, 1991). The 
calpain family consists of tissue-specific and ubiquitous calpains. Several examples of 
tissue-specific calpains are p94 (skeletal muscle), Lp82 (eye), nCL-2 (stomach), and nCL-2' 
(stomach). The major ubiquitous calpains include µ- and m-calpains (Suzuki and Sorimachi, 
1998). Unlike the ubiquitous calpains, p94 does not require Caz+ for activity, does not have a 
30 kDa subunit (see discussion of nomenclature) (Sorimachi et al., 1989), has two unique 
inserts ISi in domain I and IS2 at the end of domain III, and has a rich proline domain (NS) 
(Sorimachi et al., 1993). Since the role of p94 involvement in postmortem proteolysis in yet 
to be established, this discussion will only include the two ubiquitous calpains, µ- and m-
calpains and the endogenous inhibitor, calpastatin. 
Nomenclature and structure of calpains and calpastatin. The nomenclature of theµ-
and m-calpain is derived from the calcium requirements of each calpain. µ-Calpain requires 
3 to 50 µM Caz+ for half-maximal activity (Edmunds et al., 1991) and m-calpain requires 300 
to 1000 µM Caz+ for half-maximal activity (Goll, 1991). µ-Calpain and m-calpain are 
comprised of heterodimeric subunits: 80 kDa and 28 kDa [30 kDa] subunits (Goll, 1991). 
There is a 50% to 60% amino acid homology for the 80 kDa subunit between µ- and m-
calpain (Goll, 1991). However, the 28 kDa [30 kDa] subunit for theµ- and m-calpain are 
identical (Goll, 1991). The large subunit (80 kDa) has four domains (I, II, III, and IV) and a 
N-terminal anchor (Hosfield et al., 1999). The N-terminal domain anchor of m-calpain 
consists of 1 to 19 amino acid residues (Hosfield et al., 1999). Domain I of m-calpain 
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contains the region from 20 amino acid residues to 210 and domain II contains the region 
from 210 to 355 amino acid residues (Hosfield et al., 1999). Domain I and II contain the 
protease active site, which is formed by the triad of Cys105 in domain I, His262 and Asn 286 
in domain II of m-calpain (Hosfield et al., 1999). Domain III of m-calpain consists of amino 
acid residues from 356 to 514 (Hosfield et al., 1999). Domain IV of m-calpain has an amino 
acid sequence from 515 to 530 (Hosfield et al., 1999). The small subunit (30 kDa) has two 
domains (V and VI) (Hosfield et al., 1999). The domain Vis a N-terminal glycine-rich 
hydrophobic domain and domain VI is a calmodulin-like Ca2+-binding domain (Ono, et al. 
1998). Domain IV (large subunit) and VI (small subunit) are calmodulin-like domains that 
are approximately 50% identical (Hosfield et al., 1999). Both are predominately a-helical 
and each contain BF-hand motifs (Hosfield et al., 1999). 
In the current literature, the Hosfield et al. (1999) classification system for the 80 kDa 
subunit of m-calpain has not been accepted by all research laboratories. The previous 
domain classification system (of eitherµ- or m-calpain) had classified domain I to range 
approximately from 1 to 90 amino acid residues, domain II to range approximately from 90 
to 300, domain III to range approximately from 300 to 550 amino acid residues, and domain 
IV to range approximately from 550 to 700 amino acid residues (Goll, 1991). In this 
particular nomenclature, domain I includes the N-terminus and domain II includes the active 
protease site (Goll, 1991). Additionally, Strobl et al. (2000) subdivided the protease domain 
II into domain Ila and llb. The nomenclature outlined by Goll (1991) with the addition of 
domain II subdivision by Strobl et al. (2000) will be used throughout the remainder of this 
discussion. 
Another component of the calpain system is the endogenous inhibitor, calpastatin. 
Calpastatin is composed of five domains (Melloni et al., 1992): a unique region on its N-
terminal side (domain L) and four homologous regions (domain I-IV) of approximately 140 
residues each. Domain L has been shown to, in part restore run-down membrane Ca2+ 
channel activity and therefore, facilitate in the Ca2+ influx (Hao et al., 2000). Within each of 
the repeating domains, there are three highly conserved regions: A, B, and C (Takano et al., 
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1995). Regions A and C have been found to have no calpain inhibitory activity (Takano et 
al., 1995), where as region B contains the well conserved sequence Thr-Ile-Pro-Pro-X-Tyr-
Arg that is essential for inhibitory control (Emori et al., 1988). Uemori et al. (1990) found 
that when deletions were made from the amino terminus of domain I, the inhibitory activity 
decreased. When the middle conserved sequence was deleted, no inhibitory activity was 
detected. However, deletion from the carboxyl terminus did not decrease the inhibition until 
the M-sequence [B] had been reached. Emori et al. (1988) also found that each of the four 
repeating units of calpastatin act as a functional unit in causing calpain inhibition (Emori et 
al., 1988). Although regions A and C have not been found to have inhibitory activity, 
Takano et al. (1995) found that in the presence of Caz+ regions A and C of calpastatin bind to 
the calmodulin-like domains of calpain (domain IV and VI). Hao et al. (2000) hypothesized 
that the two functions of calpastatin include: inhibition ofµ- and m-calpain and facilitation of 
Caz+ influx by restoring run-down membrane Caz+ channel activity. 
Roles of the calpains. There are three primary roles of the calpains in living muscle 
(Goll et al., 1999). These include: (1) initiation of myofibrillar protein turnover in mature 
striated muscle cells, (2) fusion of embryonic myoblasts to form myotubes in developing 
muscle cells, and (3) proliferation of myogenic cells in developing muscle tissue. In 
addition to the roles of calpains in living muscle, it has been hypothesized that the calpain 
system is responsible for most of the postmortem proteolysis. Koohmaraie (1996) stated a 
protease must meet three specific requirements in order to be considered for involvement in 
postmortem changes. The first requirement is that the calpains must be endogenous 
(Koohmaraie, 1996). As previously discussed,µ- and m-calpains are endogenous to all cells 
(ubiquitous). The second requirement states that the calpains must reproduce postmortem 
proteolysis changes when incubated with myofibrils in vivo (Koohmaraie, 1996). The 
postmortem changes at 2-4°C include the Z-disk weakening (Olson, et al. 1976), degradation 
of intact troponin-T and appearance of the 30 kDa troponin-T degradation product (MacBride 
and Parrish, 1977; Olson et al., 1977), and degradation of desmin (Young et al., 1981; 
Koohmaraie et al., 1984 a, b, c), degradation of titin (Huff-Lonergan et al., 1996). When 
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myofibrils were incubated in vivo with µ-calpain under postmortem-like conditions (pH 5.6, 
4°C), similar degradation products from desmin, filamen, titin, nebulin, and troponin-T were 
observed as those seen in postmortem tissue (Huff-Lonergan et al., 1996). The third 
requirement states that the calpains must have access to myofibrils in the tissue (Koohmaraie, 
1996). The calpains may be localized near the Z-line with decreased amounts located around 
the I-band, and very little around the A-band (Goll et al., 1999). Additionally, Delgado et al. 
(2001) found that calpain precipitated onto the myofibril throughout postmortem storage 
(Delgado et al., 2001). This myofibril-bound calpain may degrade proteins such as titin, 
nebulin, troponin-T and desmin (Delgado et al., 2001). In conclusion, research supports that 
calpains have an important role in postmortem proteolysis (Koohmaraie, 1996). 
Calpain activation. Researchers have questioned how calpains become activated 
since the Ca2+ requirement for half-maximal activity of both µ- and m-calpain to be higher 
than physiological Ca2+ concentrations. However, it has been found that the calpains are 
active at physiological Ca2+ concentrations of 100 to 300 nM (Strobl et al., 2000). Calpain 
autolysis is a process to bring the Ca2+ requirement of the calpains closer to physiological 
range (Cottin et al., 1991; Zimmerman and Schlaepfer, 1991). Autolysis reduced the Ca2+ 
requirement for half-maximal activity from 3-50 µM to 0.5-0.8 µM for µ-calpain (Edmunds 
et al., 1991). The requirement for calcium is important in calpain activation, subunit 
dissociation, calpain binding to calpastatin, and the mediated actions of the calpain activator. 
Calpain activation is hypothesized to be a process of the loss of structural constraints 
and realignment of the active site (Moldoveanu et al., 2002). In the absence of ca2+, domain 
Ila and 11b are rotated against each other by 50° (Strobl et al., 2000), which causes disruption 
of the catalytic triad (m-calpain): Cys105, His262 and Asn 286 (Hata et al., 2001). The N-
terminal anchor peptide of the large subunit interacts with hydrophobic pocket in domain VI 
of the small subunit and this would restrain domain Ila from forming the protease active site 
(Moldoveanu et al., 2002). Hosfield et al. (1999) stated that this anchor is autolyzed upon 
Ca2+ activation and this would indicate that exposure of the N-terminal is required prior to 
cleavage. Hosfield et al. (2001) hypothesized that salt bridges may exert a conformational 
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constraint on the movement of domain II. The loss of the sal_t bridges around Glu504 
(located in domain ill of m-calpain) has a major effect upon the disruption of the inactive 
conformation (Hosfield et al., 2001). However, this also requires Ca2+ activation to facilitate 
in the movement of domain Ila. and IIb (Hosfield et al., 2001). 
Calcium is an important factor in calpain activation. When Ca2+ binds to the 
negatively charged loop of domain ill, the subdomain IIb moves toward the helical 
subdomain Ila; thus activating the catalytic site (Stohl et al., 2000). Ca2+-binding sites have 
also been shown to be located in domain Ila and IIb (Moldoveanu et al., 2002) and domain 
IV (Khorchid and lkura, 2002). Within domain IV, the five EF-hand structures bind Ca2+. 
Blanchard et al. (1997) had observed the BF-hand 1, 2, and 3 to be occupied by 1 mM Ca2+, 
EF-hand 4 occupied by Ca2+ at 20 mM Ca2+, and BF-hand 5 to not bind Ca2+. EF-hand 5 has 
been shown to be involved in the subunit interface (Blanchard et al., 1997). Dutt et al. 
(2000) had focused on the role of BF-hand Ca2+ -binding and calpain activation. EF-hand 3 is 
the most important in activation, BF-2 has a less contribution for activation, and BF-hand 1 
has a minimal importance for activation (Dutt et al., 2000). Although there have been 
differences noted between BF-hand structures in calpain activation, Vilei et al. (1997) 
speculated that domain ill mediates the Ca2+ -activiting signal from domain IV. Vilei et al. 
(1997) also suggested that domain VI is important in Ca2+ interaction, but it is not the only 
domain that mediates Ca2+ response. In support of Vilei et al. (1997), Tompa et al. (2001) 
results showed that domain ill has a high binding capacity for Ca2+ and appears to bind at 
least as much as domain IV. 
Domain ill also has Ca2+-binding capacity as well as being stimulated by 
phospholipids (Tompa et al., 2001). Hosfield et al. (2001) speculated that phospholipid 
binding and Ca2+ -binding disrupt the salt bridges of domain ill. The binding of acidic 
phospholipids such as phosphorylated phosphatidyl inositol (Strobl et al., 2000) and 
phosphatidylinositol bisphosphates (PIP2) (Yoshizawa et al., 1995) decrease the Ca2+ 
requirement for activity. Strobl et al. (2000) suggested that factors such as phospholipid 
binding aid in lowering the calcium requirement of the calpains. 
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Calpain autolysis. Autolysis is the result of calpain molecules degrading other 
calpain molecules. Calcium concentration can impact the rate of autolysis (Cottin et al., 
2001). Autolysis of µ-calpain is very rapid at 5 mM ca2+, less rapid at 2 mM ca2+, and 
slower yet at 100 µM Caz+ (Cottin et al., 2001). This Caz+_mediated process causes removal 
of a 14 amino acid segment from the N-terminus of the 80 kDa subunit (µ-calpain) to yield 
an active 78 kDa intermediate product and an additional 12 amino acids to be cleaved from 
the N-terminus 78 kDa subunit (µ-calpain) to yield an active 76 kDa subunit (Zimmerman 
and Schlaepfer, 1991). The small subunit (30 kDa) is autolyzed into a 18 kDa product via a 
28 kDa intermediate (Zimmerman and Schlaepfer, 1991). Similarly in bovine, Cottin et al. 
(2001) found autolysis of the 28 kDa subunit to have several intermediates, the 25 kDa and 
22 kDa and the fully autolyzed form, a 18 kDa product. Currently, there remains controversy 
to the process or steps required for calpain activation. 
Relationship between calpain activity and autolysis? Three prevailing hypotheses 
describe the relationship between calpain activity, calpain autolysis, and subunit dissociation. 
The first hypothesis states that the native calpain is an inactive proenzyme and the N-
terminus must be autolyzed prior to activation of calpain, much like the classical 
proenzymes. In support, Baki et al. (1996) observed autolysis and activation constants to be 
practically equal, which would indicate that µ-calpain autolysis is accompanied by activation. 
In opposition of the first hypothesis, the second hypothesis states that the N-terminal 
cleavage is not necessary for calpain activation. Cottin et al. (2001) showed the unautolyzed 
µ- and m-calpain degrade B-casein substrate. In agreement, Edmunds et al. (1991) found that 
both µ-calpain with subunits of 80 kDa and 28 kDa have a 7.1 µM Caz+ requirement for half-
maximal activity and m-calpain with subunits of 80 kDa and 28 kDa has a 1000 µM Caz+ 
requirement for half-maximal activity. 
A third hypothesis discusses the relationship between subunit dissociation and calpain 
activity. Yoshizawa et al. (1995) stated that the dissociation of the heterodimeric subunits of 
calpain is required for the expression of calpain activity in the presence of Caz+_ Yoshizawa 
et al. (1995) found that the 80 kDa, truncated or not, is an active protease when released from 
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the 30 kDa subunit. This would suggest that the 80 kDa subunit of calpain functions as a 
monomer in vivo. However, work by Nakagawa et al. (2001) discovered that subunit 
dissociation is not necessary for activation, but dissociation is dependent upon autolysis. 
Independent of the three hypotheses, calpain autolysis may depend upon the activator, 
calpastatin, and calpain/calpastatin localization. The calpain activator binding increases the 
rate of autolysis and competes with calpastatin in order to activate the calpains. The calpain 
activator binds to the 80 kDa calpain subunit and promotes an irreversible dissociation of the 
heterodimer structure (Melloni et al., 1998). As a result, the autolytic events are accelerated 
and occur at physiological Ca2+-levels (Melloni et al., 1998). Melloni et al. (1998) also 
found the calpain activator to compete with calpastatin by displacing calpastatin from its 
association with calpain (Melloni et al., 1998). Additionally, Michetti et al. (1997) 
discovered the calpain activator polypeptide to have Ca2+ -binding sites. 
The endogenous inhibitor, calpastatin, has a major role in calpain (µ- and m-calpain) 
activity. Kapprell and Goll (1989) studied the differences between the Ca2+ requirement for 
half-maximal activity and Ca2+ requirement for calpastatin binding for autolyzed and 
unautolyzed µ- and m-calpain. Unautolyzed and autolyzed m-calpain, and autolyzed µ-
calpain, require less Ca2+ for half-maximal binding to calpastatin than for half-maximal 
activity. In the case of unautolyzed m-calpain, the half-maximal activity requires 760 µM 
ca2+, but for half-maximal binding to calpastatin it requires 400 µM Ca2+ (Kapprell and Goll, 
1989). For autolyzed m-calpain, half-maximal activity requires 94 µM ca2+, but for half-
maximal binding to calpastatin it requires 24 µM Ca2+. Autolyzed µ-calpain requires 600 nm 
Ca2+ for half-maximal activity and 42 nm Ca2+ for half-maximal binding to calpastatin. 
Unautolyzed µ-calpain has a higher Ca2+ requirement for half-maximal binding to calpastatin 
(42 µM) than the Ca2+ requirement for half-maximal activity (34 µM) (Kapprell and Goll, 
1989). Additionally, Zimmerman and Schlaepfer, (1991) found that calpastatin was not able 
to inhibit the initial autolysis step of the 80 kDa subunit, but it was able to inhibit calpain 
autolysis from the 78 kDa to the 76 kDa. Koohmaraie (1992) found that calpastatin did not 
inhibit the initial steps of autolysis, but did inhibit further breakdown. 
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Moldoveanu et al. (2002) found the protease region (domain II) of calpain was not 
inhibited by calpastatin, which would indicate that calpastatin does not bind at the active site 
of calpain. Croall and McGrody (1994) found that the synthesized peptide (created to mimic 
the central consensus sequence of calpastatin) bound proximal to domain ID of the 80 kDa 
subunit. Additionally, Nishimura and Goll (1991) found that domain VI was also involved in 
calpastatin binding in the presence of Ca2+. Nishimura and Goll (1991) had allowed the 
calpains (µ- and m-) to fully autolyze prior to being loaded onto a calpastatin affinity 
column. Three major fragments were produced from the autolysis: (1) 34 kDa or 35 kDa for 
µ-calpain or m-calpain, respectively, (2) 21 kDa or 22 kDa for µ-calpain or m-calpain, 
respectively, and (3) 18 kDa fragment. The first fragment contained all of domain II and part 
of domain I. They found this fragment did not bind to calpastatin. The second fragment 
contained domain IV and 50 amino acids from domain ill. The third fragment was from 
domain VI. The second and third fragments did bind to calpastatin in the presence of Ca2+. 
After subunit dissociation, they found that 30 to 40% of the intact 80-kDa subunit ofµ-
calpain bound to calpastatin and the 28 kDa subunit of µ-calpain bound to calpastatin in the 
presence of 1 mM Ca2+. Therefore, the results indicated that domain VI is involved in 
calpastatin binding in the presence of Ca2+ (Nishimura and Goll, 1991). 
Localization of calpain and calpastatin. The intercellular localization of calpain and 
calpastatin (Kumamota et al., 1992) has an important role in calpain activity. It has been 
hypothesized that in order to lower the Ca2+ requirement for activation, calpain must 
translocate to the membrane (Melloni et al., 1996). When the calpain 80 kDa subunit has 
been fully autolyzed to 75 kDa [76 kDa], it is released in the cytosol (Melloni et al., 1996) 
and able to interact with calpain substrates. 
Calpastatin localization within the cell is regulated by the presence or absence of Ca2+ 
(Tullio et al., 1999). In the absence of Ca2+, calpastatin is primarily localized near the cell 
nucleus in membrane-free granules and calpain is located diffusely in the cytosol (Tullio et 
al., 1999). However, in the presence of Ca2+ calpastatin becomes widespread throughout the 
cytosol (Tullio et al., 1999) and can interact with the autolyzed calpains (Tullio et al., 1999). 
23 
In summary, Tullio et al. (1999) hypothesized the role of localization for the calpains and 
calpastatin as follows: in the case of a rapid or brief activation, calpain translocates to the 
membrane and expresses limited proteolytic activity, but in the case of longer exposure to 
ca2+, calpastatin is able to interact with the active calpain [in the cytosol] to prevent 
uncontrolled degradation. If the activating conditions (Ca2+) persist, calpastatin may 
ultimately be degraded by the calpains. 
Substrates of the calpains include calpastatin, calpain itself (autolysis), and specific 
intermyofibrillar, costameric, and myofibrillar proteins. Doumit and Koohmaraie (1999) 
found that calpastatin is a substrate for µ-calpain in postmortem tissue (Doumit and 
Koohmaraie, 1999). Calpastatin was partially degraded by domain II of m-calpain (Hata et 
al., 2001). The protease region (domain II) of m-calpain is resistant to autoproteolysis in 
presence of Ca2+ (Moldoveanu et al., 2002). Additionally, Hata et al. (2001) found domain II 
of m-calpain to remain stable for greater than 10 h (without the presence of autolysis) when 
incubated with casein in the presence or absence of 5 mM Ca2+. However, Moldoveanu et al. 
(2001) did find domain III of m-calpain to be prone to digestion in the presence of Ca2+. 
As previously discussed, calpains have also degrade the specific intermyofibrillar, 
costameric, and myofibrillar proteins (such as titin, nebulin, desmin, and troponin-T) during 
postmortem storage. The degradation of these proteins may have an important role in 
tenderness and/or water-holding capacity. 
Tenderness 
Sarcomere length. In early postmortem tissue, sarcomere length has been suggested 
to influence the tenderness of the meat product. Wheeler and Koohmaraie (1994) observed 
that the sarcomere shortened as a result of rigor development in lamb longissimus. At-death 
the sarcomere length was 2.24 µm and at 24 hours postmortem, the sarcomere length was 
1.69 µm (Wheeler and Koohmaraie, 1994). These results indicate that as the sarcomere 
length decreases, the degree of overlap between the thick and thin filaments gradually 
increases and the myofilament lattice becomes more dense (Goll et al., 1997), thus 
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decreasing the tenderness of the meat. Koohmaraie et al. (1996) found that the meat 
toughening that occurs in the first 24 hours postmortem is likely due to sarcomere shortening. 
When longissimus dorsi sections were clamped from 15 minutes to 24 hours postmortem to 
prevent muscle shortening, Koohmaraie et al. (1996) found no differences in shear force 
values (4.5 kg at 15 min postmortem and 4.9 kg at 24 h postmortem). 
Proteolysis. Proteolysis results in ultrastructural changes during postmortem storage 
at 2°C (Taylor et al., 1995b). Structural changes include the appearance of tears or gaps in 
the I-band area and separation of adjacent myofibrils (Taylor et al., 1995b). Because the N-
terminal of titin is anchored in the Z-disk and extends through the I-band and into the A-band 
areas (Taylor et al., 1995b ), degradation of titin could result in the tears or gaps in the I-band. 
Additionally, the C-terminal of nebulin is anchored in the Z-disk and extends through the I-
band and into the A-band areas (Taylor et al., 1995b ). Therefore, the degradation of nebulin 
could also contribute to tears or gaps in the I-band (Taylor et al., 1995b). The rate of 
degradation of titin and nebulin has been observed in samples with differences in tenderness 
(as determined by Warner-Bratzler shear force) (Huff-Lonergan et al., 1996). In tender beef 
muscle, significant titin degradation (degradation of Tl) appears by one day postmortem 
whereas in tough samples significant degradation takes place between one and three days 
postmortem (Huff-Lonergan et al., 1996). Intact nebulin was not detected by three days 
postmortem in tender samples whereas intact nebulin was apparent at three days postmortem 
in tough samples (Huff-Lonergan et al., 1996). The degradation of titin and nebulin may 
cause overall weakening of the myofibril (Koohmaraie, 1994). 
Taylor et al. (1995b) also observed separation of adjacent myofibrils from the 
sarcolemma and adjacent myofibril separation. Since desmin connects adjacent myofibrils at 
the Z-line and links myofibrils to the cell membrane (Robson et al., 1997), desmin 
degradation postmortem may lead to disruption of these transverse crosslinks (Koohmaraie, 
1994). Huff-Lonergan et al. (1996) showed that desmin degradation occurs at a slower rate 
than that of titin and nebulin. Desmin degradation within tender beef samples takes place by 
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three days postmortem but not until seven to fourteen days postmortem in tough samples 
(Huff-Lonergan et al., 1996). 
The appearance of the 30 kDa troponin-T degradation product is related to beef 
tenderness (MacBride and Parrish, 1977; Olson and Parrish, 1977; Huff-Lonergan et al., 
1996). Currently troponin-T degradation serves as an overall indicator of tenderness in beef 
(Huff-Lonergan et al., 1996). Huff-Lonergan et al. (1996) found significant degradation of 
troponin-T had occurred by three days postmortem in tender beef samples but not until seven 
days postmortem in tough samples (Huff-Lonergan et al., 1996). 
Calpastatin activity. Calpastatin activity is correlated to meat tenderness. Geesink 
and Koohmaraie (1999) found that the autolysis of µ-calpain was slower in callipyge lambs 
(higher calpastatin) than the normal lambs (Geesink and Koohmaraie, 1999). The callipyge 
lambs also had less postmortem proteolysis of titin, nebulin, dystrophin, vinculin, alpha-
actinin, desmin, and troponin-T at day 0, 14, and 56 postmortem than the normal lambs 
(Geesink and Koohmaraie, 1999). Geesink and Koohmaraie (1999) concluded that 
calpastatin inhibits both the rate and extent of postmortem proteolysis. Furthermore, 
Lonergan et al. (2001b) observed a relationship between calpastatin specific activity 
(calpastatin units/mg of soluble protein) at 2 days postmortem and Warner-Bratzler shear 
force at 7 days postmortem (r = 0.570). Therefore, a higher calpastatin activity at 2 days 
postmortem would indicate a higher Warner-Bratzler shear force (less tender) at 7 days 
postmortem. Additionally, beef with higher calpastatin specific activity at 2 days 
postmortem and high Warner-Bratzler shear force at 2, 7, and 14 days postmortem had less 
proteolysis of troponin-T ( at 2, 7, and 14 days postmortem) than beef with lower calpastatin 
specific activity at 2 days postmortem and low Warner-Bratzler shear force at 2, 7, and 14 
days postmortem (Lonergan et al., 2001b). Therefore, the results by Lonergan et al. (2001b) 
support the hypothesis that steaks with high calpastatin activity would exhibit less proteolysis 
and less tenderization. 
pH decline. The rate of glycolysis has been shown to be related to tenderness. Taylor 
et al. (1995a) used electrical stimulation (ES) in porcine to study the relationship between the 
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rate of glycolysis and tenderness. They found that the ES treatment group had a significantly 
lower pH at 3 h postmortem than the non-ES treatment group and at 24 h postmortem, no 
differences in pH were found between the two treatment groups. At 10 days postmortem, 
they observed the non-ES group to be less tender (4.79 kg) than the ES group (3.41 kg). 
Additionally, Maribo et al. (1999) determined the longissimus dorsi and biceps femoris to 
have a significantly lower pH in the ES treatment group than the non-ES treatment between 
20 min postmortem (time of ES) and 8 h postmortem. Maribo et al. (1999) found the 
longissimus dorsi and biceps femoris to have improved tenderness in the ES treatment group. 
Thomson et al. (1999) observed a higher shear force value at the 120 hour aging period from 
meat from bulls with a high 24 hour postmortem pH (6.25) in comparison to those with a 
normal ultimate pH (5.41). Lonergan et al. (2001a) observed higher Warner-Bratzler shear 
force values in porcine longissimus dorsi from the Select (selected for lean growth efficiency 
over five generations) line (3.12 kg) with a significantly lower pH (6.41, 6.25, and 6.09 at 15 
min, 30 min, and 45 min postmortem, respectively) than the Control (maintained from 
foundation herd) line (2.62 kg) with a pH of 6.61, 6.46, and 6.35 at 15 min, 30 min, and 45 
min postmortem, respectively. 
Collagen. Collagen is the principal structural protein of connective tissue and 
significantly influences meat tenderness (Aberle et al., 2001). Collagen fibers contain 
intermolecular crosslinkages and can easily be broken in younger animals, but with 
increasing age the crosslinkages becomes less soluble (Aberle et al., 2001). Wheeler et al. 
(2002) found significant (P < 0.05) correlation coeffiecient between tenderness at 14 days 
postmortem (as determined by sensory panel) and collagen (r = -0.45) in cooked beef 
longissimus. In cooked pork longissimus, the correlation coefficient between tenderness at 7 
days postmortem (as determined by sensory panel) and collagen (r = -0.33) was not 
significant (P > 0.05) (Wheeler et al., 2002). However in a different study by Wheeler et al. 
(2000), they found pork tenderness at 24 h postmortem was significantly (P < 0.01) 
correlated to collagen (r = -0.34). 
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Water-Holding Capacity 
Water-holding capacity is important from an economic standpoint. Drip loss in 
product can range from 2- 10% when meat is cut into steaks (Offer and Knight, 1988b). 
This drip loss equates to pounds of product loss and ultimately, an unattractive product for 
the consumer. Lean meat contains approximately 75% water (Offer and Knight, 1988b). 
Since myofibrils make up a large volume (approximately 80%) of the muscle fiber, it must be 
that the largest water compartment in the muscle fiber is the myofibrils (Offer and Knight, 
1998a). Hydrophilic groups on the proteins within the myofibril interact with the water 
molecule. Water is a strong dipole molecule with hydrogen (positive) and oxygen (negative) 
ends; therefore, water can form bonds with the proteins as well as other water molecules. 
There are three different states of water is the cell: constitutional (bound), interfacial 
(immobilized), and bulk (free) water (Hamm, 1986). Constitutional water is a very small 
portion (less than 0.1 % ) of the total tissue water. It is located within the protein molecules 
and it made up of protein-water interactions (Hamm, 1986). Interfacial water is 5-15% of the 
total water and is located at the surface of the proteins (water-water interactions). The bulk 
state of intracellular water is known as "free" water within the cell. In addition to 
intracellular water, extracellular water is also present. Water can move from intracellular 
compartments to extracellular compartments and vice versa depending upon whether the cell 
is shrinking or swelling. In the case of swelling, extracellular water could move into the cell, 
and with shrinking, the intracellular bulk water can move from intracellular compartments to 
extracellular compartments (Hamm, 1986). Factors that could impact movement of water 
between the different compartments and potentially influence drip loss are: pH, rigor mortis, 
and conditioning or aging. 
Rate of pH decline and ultimate pH. Both the rate of pH decline and the ultimate pH 
can alter water-holding capacity. Lonergan et al. (2001a) found the Select line (selected for 
lean growth efficiency over five generations) with a significantly lower pH at 15 min, 30 
min, and 45 min postmortem had a greater amount of drip loss in the LD (at 1, 3, and 4 days 
of storage), in the semitendinosus (at 2, 3, and 4 days of storage), and in the SM (at 1, 2, 3, 
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and 4 days of storage) than the Control line (maintained from foundation line) with a higher 
pH at 15 min, 30 min, and 45 min postmortem. With an extremely rapid pH decline, 
denaturation of the contractile proteins (such as myosin) may occur (Offer and Knight, 
1998b). The length of the cross-bridges between actin and myosin are changed because the 
length of myosin heads decreased (Offer and Knight, 1988b). The lateral space within the 
myofibril may decrease and as a result, water can be expelled in the form of drip loss (Offer 
and Knight, 1988b). 
The ultimate pH (typically around 5.5) plays a role in determining the water holding 
capacity of the meat product. If a meat product had a lower ultimate pH of 5.4 in contrast to 
another meat product having an ultimate pH of 6.0, the lower pH product would have less net 
negative charges on the proteins and as a result, be closer to the isoelectric point (the point at 
which there is a minimum of net charge on the proteins) (Hamm, 1986). Additionally, there 
would be less repulsion or less space between the thick and thin filaments due to less 
electrostatic charges on the proteins. 
Rigor mortis. The onset of rigor mortis will also alter the spacing in the myofibrillar 
structure as actomyosin becomes formed permanently (in the absence of ATP). The onset of 
rigor mortis decreases the lateral space of the myofibril (April et al., 1972; Rome, 1968) and 
causes water to be expelled from the intracellular components to accumulate at the weakest 
transverse connection (perimysium, endomysium, epimysium) (Offer and Cousins, 1992). 
Offer and Cousins (1992) observed that very little water had accumulated in the extracellular 
compartments and the fibers were nearly touching at 2 h postmortem (bovine). However, at 
6 h the muscle bundles were beginning to pull away from each other and gaps were forming 
in the perimysium network. At 24 hours postmortem (after the onset of rigor), gaps had been 
formed between both the perimysium (muscle bundles) and endomysium (muscle fibers) 
networks. 
Proteolysis. Kristensen and Purslow (2001) expanded upon the work of Off er and 
Cousins (1992) to hypothesize that degradation intermyofibril linkages and costameric 
proteins may allow for the muscle cell to "open up" (expand laterally) and allow extracellular 
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water to move intracellularly or more water would be able to be retained in the muscle cell. 
Proteolysis of costamere proteins such as talin (Kristensen and Purslow, 2001) and vinculin 
(Kristensen and Purslow, 2001; Morrison et al., 1998) as well as intermyofibril proteins 
desmin (Kristensen and Purslow, 2001; Morrison et al., 1998; Rowe et al. 2001a) have been 
shown to be related to drip loss. Degradation of these proteins could create more 'space' for 
water to reside, and therefore, have a greater water-holding capacity. 
Biochemical Factors that Influence Tenderness and Water-Holding Capacity 
Factors such as temperature and pH impact the calpain system and may therefore 
affect tenderness and water-holding capacity. Decreasing temperatures (25°C to 5°C) 
resulted in a reduced rate of autolysis of the 80 kDa, but not the 30 kDa subunit 
(Koohmaraie, 1992). Rhee and Kim (2001) studied the effects of temperature on the calpains 
by hot-boning the longissimus (after splitting the carcass), cutting the longissimus into three 
sections, and then temperature conditioning for 3 hat 2, 16, and 30°C. They found 
temperature to be positively related to µ-calpain activity (r = 0.741) (Rhee and Kim, 2001). 
Therefore, a higher temperature would indicate higher µ-calpain activity. However, when 
comparing the 30°C treatment group and the 2°C treatment group, they found µ-calpain 
activity to be lower in the 30°C treatment than in the 2°C (Rhee and Kim, 2001). 
Additonally, Hwang and Thompson (2001) showed that carcasses that were chilled slowly 
had lower µ-calpain activity at 4 hours postmortem. 
Because the pH optimum of proteases located in the cytoplasm, such as calpains, are 
optimally active between pH 7.4 to 7.6 (Edmunds et al., 1991), it would be expected that the 
calpains would lose activity with decreasing pH. Koohmaraie et al. (1986) found thatµ-
calpain retained 24 to 28% {of maximal activity at pH 7.5 and 25°C) in postmortem-like 
conditions (pH 5.5 to 5.8 and 5°C). Rhee and Kim (2001) also observed correlations 
between µ-calpain activity and pH (r = 0.850). Therefore, a sample with higher pH would 
indicate more µ-calpain activity. Claeys et al. (2001) found the lower µ-calpain activity in 
the lower pH (5.71) LEAN (selected for lean content) porcine line than the high pH (6.32) 
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GROWTH (selected for maximum live weight gain) line. They hypothesized that differences 
between the two lines in calpain activity may be due to faster pH decline accompanied by a 
higher calcium concentration, resulted in increased autolysis and lower activity. Rowe et al. 
(2001b) found that a low pH at 2 hours postmortem in pork longissimus dorsi resulted in 
decreased µ-calpain activity by 24 hours postmortem. Rowe et al. (2001b) also foundµ-
calpain appeared to have more extensive autolysis in pork longissimus dorsi samples that had 
a low pH at 2 hours postmortem. Koohmaraie (1992) observed an accelerated rate ofµ-
calpain autolysis (in the absence of substrates) as the pH decreased from 7.0, 6.2, to 5.8. 
The inhibition of µ- and m- calpain by calpastatin is also pH dependent. Geesink and 
Koohmaraie (1999) found decreased inhibition of µ-calpain by calpastatin as the pH 
decreased from 7.0, 6.2, and 5.7. Similarly, Dransfield (1993) reported the inhibition ofµ-
calpain by calpastatin decreased as the pH decreased. Kendall et al. (1993) found inhibition 
of m-calpain by calpastatin activity was not affected by ionic strength (32 to 400 mM KCl) or 
pH (5.7, 6.2, or 7.0) alone. However, at a pH of 5.7 and 200 to 400 mM KCl, inhibition of 
m-calpain by calpastatin was reduced (Kendall et al., 1993). 
In summary, pH has an important role in µ-calpain, m-calpain, and calpastatin 
activity. Muscles with different pH declines may ultimately have different tenderness and 
water-holding capacity. In bovine, Ilian et al. (2001) found bovine psoas major to have a 
significantly lower pH at 1 h, 3 h, and 6 h postmortem, lower µ-calpain activity at 12 and 24 
h postmortem, lower calpastatin activity at 0.5 and 12 h postmortem, and lower Wamer-
Bratzler shear force values at 6, 12, 24, 72, and 168 h postmortem than bovine longissimus 
thoracis. In ovine, Ilian et al. (2001) observed the longissimus thoracis to have the highest 
pH at 0.5 h and 3 h postmortem, followed by the semimembranosus, semitendinosus, and 
psoas major. The longissimus thoracis had significantly higher µ-calpain activity than the 
psoas major at 0.5 and 12 h postmortem (Ilian et al., 2001) and higher Wamer-Bratzler shear 
force at 6 h postmortem in the longissimus thoracis than the semimembranosus, 
semitendinosus, and psoas major. At 3 days postmortem, the longissimus thoracis and 
semimembranosus had a significantly lower shear force than the psoas major and 
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semitendinosus (llian et al., 2001). Ilian et al. (2001) had studied the differences in calpain 
and calpastatin activity, pH, and tenderness between muscles in both ovine and bovine. 
The focus of the present study is to determine the relationships between calpain 
activity, calpastatin activity, proteolysis, and tenderness and water-holding capacity in 
porcine muscles of known differences in tenderness and water-holding capacity (longissimus 
dorsi, semimembranosus, and psoas major). 
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EARLY POSTMORTEM BIOCHEMICAL FACTORS INFLUENCE TENDERNESS AND 
WATER-HOLDING CAPACITY OF THREE PORCINE MUSCLES 
A paper to be submitted to the Journal of Animal Science 
J.L. Dodge, S.M. Lonergan, L.J. Rowe, and E. Huff-Lonergan. 
Abstract 
The objective of this experiment was to examine the relationship between rate of 
tenderization and drip loss with µ-calpain activity, µ-calpain autolysis, µ-calpain localization 
(in sarcoplasmic portion vs. myofibrils), calpastatin activity, and postmortem proteolysis in 
three different muscles that differed in water-holding capacity or tenderness. Halothane 
negative Duroc pigs (n=16) were harvested. Temperature and pH measurements were taken 
in the longissimus dorsi (LD), semimembranosus (SM), and psoas major (PM) at 30 min, 45 
min, 1 h, 6 h, 12 h, and 24 h postmortem. Samples were collected from the LD, SM, and PM 
to determine calpastatin activity, assess µ-calpain activity and autolysis, and examine 
proteolysis of titin, nebulin, desmin, and troponin-T. Myofibrils were purified to assess 
myofibril-bound µ-calpain. Percent drip loss was determined and Warner-Bratzler shear 
force was analyzed. Myosin heavy chain (MHC) isoforms (type I, type Ila, and type IIb + 
type Ilx) were examined using electrophoresis. The PM had a greater (P < 0.0001) 
percentage of MHC type Ila isoforms than the LD. The LD, SM, and PM were significantly 
different at the P < 0.01 level for percentage of MHC IIb + IIx isoforms with the 
LD>SM>PM. The PM had a greater (P < 0.05) percentage of type I myosin heavy chain 
· isoforms than the LD and SM. The PM had significantly lower pH than the LD and SM at 30 
min, 45 min, and 1 h postmortem. The PM had significantly less drip loss than the LD after 
24 h of storage. The PM had significantly less drip loss than the LD and SM after 96 h of 
storage. The PM had significantly more desmin degradation product than the LD and SM at 
45 min and 6 h postmortem. Degradation of titin occurred at a faster rate in the PM than the 
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LD and SM. At 45 min postmortem, the PM had partial autolysis of the µ-calpain 80-kDa 
subunit and at 6 h postmortem the LD and SM had partial autolysis of the µ-calpain 80-kDa 
subunit. The rapid pH decline and increased rate of autolysis in the PM paralleled an earlier 
appearance of myofibril-bound µ-calpain. The SM had significantly higher WBS at 48 hand 
120 h postmortem than the LD. The SM had significantly higher calpastatin activity at 45 
min, 6 h and 24 h compared to the LD. The LD had greater loss of intact desmin at 48 h and 
120 h than the SM at 48 hand 120 h postmortem. These results show relationships between 
µ-calpain activity, µ-calpain autolysis and location, calpastatin activity, and protein 
degradation can explain some variation in tenderness and drip loss of fresh pork products. 
Introduction 
Water-holding capacity impacts the profitability of fresh product and processing 
yields. Product losses due to moisture loss can range from 2 - 10% when meat is cut into 
chops (Offer and Knight, 1988). Ultimately, this drip loss can equate to pounds of product 
loss. An additional factor in determining acceptability of meat is tenderness. Morgan et al. 
(1991) revealed variability and inconsistency in beef tenderness. Although pork is faster 
tenderizing than beef (Koohmaraie et al., 1991), it has been reported by De Vol et al. (1988) 
that there is significant variability in pork tenderness. Water-holding capacity and tenderness 
ultimately impact consumer acceptance. 
Degradation of titin and nebulin (Huff-Lonergan et al., 1995, 1996a; Taylor et al., 
1995), desmin (Huff-Lonergan et al. 1996a; Kristensen and Purslow, 2001), and troponin-T 
(Ho et al., 1996; Huff-Lonergan et al., 1996a) in postmortem muscle has been shown to be 
correlated to indices of meat quality. Titin, nebulin, desmin, and troponin-T are substrates of 
the endogenous enzyme µ-calpain (Huff-Lonergan et al., 1996a). Differences in µ-calpain, 
m-calpain, and calpastatin activity (Illian et al., 2001) may ultimately influence tenderness 
and water-holding capacity by impacting the rate and extent of proteolysis. Therefore, our 
hypothesis was that differences in water holding capacity and tenderness between muscles 
(longissmus dorsi (LD), semimembranosus (SM), and psoas major (PM)) may be partially 
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explained by variations in factors that influence calpain activity and subsequently proteolysis 
in postmortem muscle. 
Materials and Methods 
Sixteen purebred Duroc pigs of similar genetics from the Iowa State University Swine 
Teaching Farm and were harvested at the Iowa State University Meat Laboratory. The pigs 
were harvested over a time period of 5 weeks, 2 animals per harvest day. 
At 30 min, 45 min, 1 h, 6 h, 12 h, and 24 h postmortem, temperature (Bamant 
Thermocouple Thermometer Dual J-T-E-K, Model# 600-1040, Barrington, IL) and pH 
measurements (pH-Star S, SFK Technology, Inc., Cedar Rapids, IA) were taken from the last 
rib region of the longissimus dorsi (LD), center portion of both the semimembranosus (SM) 
and psoas major (PM) from the left side. Samples for calpastatin activity assays, µ-calpain 
activity and autolysis, and purification of myofibrils were collected on the left side of the 
animal at 45 min, 6 h, and 24 h postmortem. On the right side of the animal, 2.54-cm chops 
for drip loss and Wamer-Bratzler shear force analysis were collected from the LD, SM, and 
PM at 24 hours postmortem. 
Drip loss, color, and Warner-Brazler shear force analysis 
Six chops from each muscle (LD, SM, and PM) from each pig were taken at 24 hours 
postmortem. Care was taken to remove external adipose tissue and not to score outer 
epimysium. The two chops of each muscle designated for 24 h Wamer-Bratzler shear force 
analysis were also used for color analysis (at 24 h postmortem). After 1 h of bloom time at 
4°C, L* (lightness/black), a* (red/green), and b* (blue/yellow) values were recorded using 
the Hunterlab Colorimeter (Reston, VA). D-65, 10° standard observer, and ¼-inch viewing 
port area were used. Three-color measurements were taken on each of the two chops to 
make a total of six readings per muscle per pig. Following color analysis the chops were 
immediately vacuum packaged and frozen (-20°C) for Warner-Brazler shear analysis. The 
chops designated for 48 hand 120 h Wamer-Bratzler shear force analysis were weighed after 
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cutting (recorded as the initial weight) for determination of drip loss. Chops were stored 
under atmospheric pressure in a sealed plastic bag at 4 °C. At 48 h postmortem, two chops 
from each muscle were blotted, and re-weighed (final weight) for determination of drip loss 
after 24 h of storage, vacuum packaged, and frozen for 48 h Warner-Brazler shear force 
analysis. At 120 h postmortem, the chops designated for the 120 h Warner-Bratlzer shear 
force analysis were blotted, and re-weighed (final weight) for determination of drip loss after 
96 h of storage, vacuum packaged, and frozen for 120 h Warner-Bratzler shear force 
analysis. Drip loss percent was calculated by the following equation: [(Initial weight - Final 
weight)/lnitial weight] x 100. The chops for Warner-Bratzler shear force analysis were 
thawed at 4 °C and cooked to an internal temperature of 70°C on a General Electric Model 
CB60 grill (Chicago Hts, IL). The chops were cooled to 4°C overnight. Cores (1.27-cm) 
were taken from each chop parallel to the muscle fiber and the peak force was measured 
using the Texture Analyzer TA-XT2i (Scarsdale, NY) (Warner-Bratzler Probe, Guillotine Set 
number TA-7B USDA). The Texture Analyzer TA-XT2i was programmed to have a pre-test 
speed of 2.0 mm/s, test speed of 3.3 mm/s, post-test speed of 10.0 mm/s, and a probe distance 
of 30 mm from the point of resistance. 
Glycolytic potential analysis 
Glycolytic potential samples were taken 6 h postmortem from left side of the animal 
from the LD and SM. Samples were collected, vacuum packaged, and stored at -80°C until 
analysis. Glycolytic potential was determined as described by Manin and Sellier (1985). 
Tissue (0.5 g) was homogenized using a motor-driven 30 mL Potter-Elvehjem tissue grinder 
with a PTFE pestle (Wheaton Science, Millville, NJ) in 2.5 mL of 0.6 N perchloric acid. The 
homogenate (200 µL) was neutralized with 100 µL of 1 M potassium carbonate and 
incubated with 2.0 mL of amylogucosidase (Sigma Chemical Co., St. Louis, MO) in 0.2 M 
acetate buffer (pH 4.8) for 120 min at 40°C in Fisher Isotemp Water Bath (Indiana, PA). The 
amyloglucosidase was precipitated by the addition of 0.6 N perchloric acid. The hydrolyzed 
sample was centrifuged at 1500 x g for 15 min at 4°C. Total glucosyl units (µM glucosyl 
48 
units/gram of tissue) of the supernatant were determined using premixed reagents (Glucose 
HK Assay Reagent; Sigma Chemical Co., St. Louis, MO). After 15 minutes of incubation at 
room temperature (20°C), the absorbance (A34o) was measured (Ultraspec 3000 UVNisible 
Spectophotometer, Amersham Pharmacia Biotech, Piscataway, NJ). Lactate was determined 
(µM lactate units/volume of solution) by homogening the tissue (1.25 g) in 5 mL of 1 M 
perchloric acid. Distilled, de-ionized water (10 mL) and 2 M potassium hydroxide (3 mL) 
was added to the homogenate and then brought to volume (25 mL) with distilled, de-ionized 
water. The homogenate was cooled at 4°C for 20 min and filtered through Whatman #1 
paper (Whatman International, Ltd., Maidstone, England). L-lactate was determined using 
premixed reagents from the D-Lactic Acid/L-Lactic Acid UV method kit (Boehringer 
Mannheim, Indianapolis, IN). The absorbance (A340) was measured using the lltraspec 3000 
UVNisible Spectophotometer (Amersham Pharmacia Biotech, Cambridge, England). 
Glycolytic potential was calculated as 2 (glycogen+ glucose-6-phospate +glucose)+ lactate 
(Monin and Sellier, 1985). 
Initial extraction for calpastatin activity, µ-calpain activity and autolysis, and purified 
myofibrils at 45 min, 6 h, and 24 h postmortem 
A finely-minced 10 g tissue sample from the LD, SM, and PM was homogenized in 3 
vol [wt/vol] in an extraction buffer containing 100 mM Tris-HCl, pH 8.3, 10 mM EDTA, 
0.1% P-mercaptoethanol (MCE), 100 mg/L ovomucoid trypsin, and 2 mM 
phenylmethylsulfonylfluoride (PMSF). Homogenization was done with a Warning blender 
(Model 31BL92, New Hartford, CT) at 3 bursts of 30 s on high with 30 s rest. The 
homogenate was centrifuged at 25,000 x g for 30 minutes. The supernatant was filtered 
through cheese cloth (Burcott Mills, Chicago, IL). After filtering the supernatant through 
cheesecloth, one mL was collected for a SDS-PAGE sample to measure µ-calpain autolysis 
and for non-denaturing PAGE sample to evaluate µ-calpain activity. 
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µ-Calpain autolysis analysis 
The protein content of the supernatant was determined as described by Bradford 
(1976) using pre-mixed reagents (Bio-Rad Protein Assay, Bio-Rad, Hercules, CA). µ-
Calpain samples were diluted with water to 6.4 mg/ml. One volume of each diluted sample 
was combined with 0.5 volumes of tracking dye solution (3 mM EDTA, 3% [ wt/vol] SDS, 
30% [vol/vol] glycerol, 0.001 % [wt/vol] pyronin Y, and 30 mM Tris-HCI, pH 8.0) (Wang, 
1982) and 0.1 vol of ~-mercaptoethanol for a final protein concentration of 4 mg/mL. Gel 
samples were then heated for 20 min at 50°C and frozen at -80°C prior to further analysis. µ-
Calpain autolysis was analyzed in these samples using immunoblotting. 
Casein zymograghy 
The casein zymography procedure described by Raser et al. (1995) was used with 
slight modifications. For casein zymography samples, one vol of the supernatant (from the 
extracted tissue sample) was combined with one vol of tracking dye solution (20% [ vol/vol] 
glycerol, 0.75% [vol/vol] ~-mercaptoethanol, 0.1 % [wt/vol] bromophenol blue, and 150 mM 
Tris-HCI, pH 6.8). Samples (140 µg of protein) were loaded onto non-denaturing PAGE 
casein gels immediately after preparation. Non-denaturing 12.5% polyacrylamide casein gels 
(acrylamide:N,N'-bis-methylene acrylamide = 100:1 [wt/wt], 0.05% [vol/vol] N'N'N'N'-
tetramethylethylenediamine (TEMED), 0.05% [wt/vol] ammonium persulfate, casein (2.1 
mg/mL), and 375 mM Tris-HCI, pH 8.8). Non-denaturing 4% polyacrylamide stacking gels 
(acrylamide:N,N'-bis-methylene acrylamide = 100:1 [wt/wt], 0.125% [vol/vol] TEMED, 
0.075% [wt/vol] ammonium persulfate, and 125 mM Tris-HCI, pH 6.8) were used. Gels (10 
cm wide x 8 cm tall) were run on SE 260 Hoefer Mighty Small II electrophoresis units 
(Hoefer Scientific Instruments, San Francisco, CA). Gels were pre-run at 100 V for 15 min. 
The running buffer contained 192 mM glycine, 1 mM EDTA, 0.5% [vol/vol] MCE and 25 
mM Tris-HCI, pH 8.3. Gels were run at a constant voltage (100 V) for approximately 22 h 
and were then incubated in 3 changes, 20 minutes each of 5 mM CaC}z, 0.1 % [vol/vol] MCE, 
and 50 mM Tris-HCl, pH 7.5. Gels were then incubated in 5 mM CaClz, 0.1 % [vol/vol] 
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MCE, and 50 mM Tris-HCl, pH 7.5 overnight. The following day gels were stained in a 
solution containing 0.1 % Coomassie brilliant blue R-250, 40% [vol/vol] methanol, and 7% 
[vol/vol] glacial acetic acid for approximately 1 h. Gels were destained using an excess of 
destain (40% [vol/vol] methanol and 7% glacial acetic acid). µ-Calpain activity was 
indicated by clear zones. 
Heated calpastatin assay 
The supernatant from initial extraction was placed in dialysis tubing (Snakeskin, MW 
10,000 tubing, Pierce, Rockford, IL) in dialysis buffer (80 mM Tris, pH 7 .40 containing 1 
mM EDT A) for a minimum of 6 hours at 4 °C. The supernatant was heated according to 
Shackelford et al. (1994) and assayed according to Koohmaraie (1990). The supernatant was 
heated for 15 minutes at 90°C in a Fisher Scientific Isotemp Water Bath (Indiana, PA). The 
samples were then placed on ice for 20 minutes and then centrifuged (Sorvall Super T21, 
Sorvall Products, L.P., Newton, CT) for 10 minutes at 25,000 x g at 4°C. The sample was 
then filtered through cheesecloth (Burcott Mills, Chicago, IL) and the supernatant volume 
was recorded. For measurement of calpastatin activity, four solutions were made in 
triplicate: (A) Blanks: 66 mM Tris, 0.5 mM EDTA, 0.5 mM NaN3, 3.3 mg/mL casein, 0.2% 
[vol/vol] MCE, and 5 mM CaC}z, (B) Positives: 66 mM Tris, 0.5 mM EDTA, 0.5 mM NaN3, 
3.3 mg/ml casein, 0.2% [vol/vol] MCE, 5 mM CaClz, and porcine lung m-calpain (0.35 
units/mL), (C) EDTA: 66 mM Tris, 9.5 mM EDTA, 0.5 mM NaN3, 3.3 mg/mL casein, 0.2% 
[vol/vol] MCE, and porcine lung m-calpain (0.35 units/ml), (D) Sample: 66 mM Tris, 0.5 
mM EDTA, 0.5 mM NaN3, 3.3 mg/mL casein, 0.2% [vol/vol] MCE, 5 mM CaCh, porcine 
lung m-calpain (0.35 units/ml), and sample. Solutions were incubated at 25°C for 60 minutes 
and terminated by the addition of 5.0% [wt/vol] trichloroacetic acid (TCA) to make a final 
concentration of 2.4% [wt/vol] TCA. After centrifugation at 2,000 x g (Sorvall Legend RT 
Centrifuge, Sorvall Products, L.P., Newton, CT) for 20 minutes at 20°C, the absorbance 
(A278) of the supernatant was determined using Ultrospec 3000 UV Nisible 
Spectrophotometer (Amersham Pharmacia Biotech, Cambridge, England). Inhibitory 
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activity was calculated by the following formula: calpastatin inhibitory activity= Positive -
(Sample - EDTA) x dilution factor x recorded volume of each sample supernatant/g tissue. 
One unit of calpastatin is the amount required to inactivate one unit of m-calpain 
(Shackelford et al., 1994). 
Purification of myofibrils for determination of myofibril-bound µ-calpain 
The purification of myofibrils was completed as described by Huff-Lonergan et al. 
(1996a) with slight modifications. Two g of the pellet from the initial extraction was 
weighed, suspended, and homogenized with a hand-held homogenizer (Tissue Tearor Model 
985-370, Biospec Products, Inc., Racine, WI) in 10 vol of standard salt solution (SSS) (2 mM 
MgCh, 1 mM EGTA, and 1 mM NaN3, 100 mM KCl, and 10 mM K2HPO4, pH 7.45). 
Samples were centrifuged for 10 minutes at 1000 x g. The supernatant was poured off and 
the pellet was re-suspended in 6 volumes of SSS and centrifuged for 10 minutes at 1000 x g. 
The supernatant was poured off and the pellet was suspended in 8 vol of SSS and 
centrifuged for 10 minutes at 1000 x g. The preceding step was repeated. The supernatant 
was poured off and the pellet was suspended in 6 vol of SSS and 1 % Triton X-100 and 
centrifuged for 10 minutes at 1500 x g. The preceeding step was repeated. The supernatant 
was poured off and the pellet was suspended in 8 vol of SSS and centrifuged 10 minutes at 
1500 x g. The supernatant was poured off and the pellet was suspended in 8 vol of 100 mM 
KCl-HCl, pH 6.8 and centrifuged 10 minutes at 1500 x g. The preceeding step was repeated. 
The supernatant was poured off and the pellet was suspended in 20 vol of a 50% [voVvol] 
100 mM KCl-HCl, pH 6.8 and 50% [voVvol] glycerol. The purified myofibrils were stored 
at-20°C. 
Five mL of glycerinated myofibrils were centrifuged for 20 minutes at 3000 x g at 
4°C. The supernatant was removed and the pellet was re-suspended in 5 mL of 5 mM Tris-
HCI, pH 8.0, and centrifuged at 3000 x g for 15 minutes at 4°C. The preceeding step was 
repeated. The pellet was resuspended in 5 mM Tris-HCl, pH 8.0. Protein concentrations 
were determined using the Biuret procedure as modified by Robson et al. (1968). Myofibrils 
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were diluted with water to 6.4 mg/ml or 4.8 mg/ml depending upon the original protein 
concentration. One vol of each sample was combined with 0.5 vol of tracking dye solution 
(3 mM EOTA, 3% SOS, 30% glycerol, .001 % pyronin Y, and 30 mM Tris-HCl, pH 8.0) 
(Wang, 1982) and 0.1 volumes of MCE for a final concentration of 4 mg/ml or 3 mg/ml. Gel 
samples were then heated for 20 min at 50°C and frozen at -80°C until further analysis. 
These myofibrils were used for analysis of myofibril-bound µ-calpain. 
Whole muscle sample preparation 
Samples were taken at 45 min, 6 h, 24 h, 48 h, and 120 h from the LD, SM, and PM. 
Whole muscle samples were prepared with slight modifications as described by Huff-
Lonergan et al. (1996b). Five mL of a buffer containing 10 mM sodium phosphate, pH 7.0, 
and 2% SOS was added to 0.2 g of each muscle. The sample was homogenized using a 
motor-driven 30 mL Potter-Elvehjem tissue grinder with a PTFE pestle (Wheaton Science, 
Millville, NJ). Samples were centrifuged at 1500 x g (Sorvall Legend RT Centrifuge, Sovall, 
Products, L.P., Newton, CT) for 15 min at 20°C. The protein content of the supernatant was 
determined as described by Lowry et al. (1951) using pre-mixed reagents (DC Protein Assay, 
Bio-Rad, Hercules, CA). Gel samples prepared for SOS-PAGE were made as described for 
myofibril-bound µ-calpain gel samples. Whole muscle gel samples had a final protein 
concentration of 4 mg/mL and were frozen at -80°C until further analysis. Titin, nebulin, 
desmin, and troponin-T were analyzed using SOS-PAGE and/or western blotting techniques. 
SDS-PAGE gel system 
Polyacrylamide gels. A 10% polyacrylamide separating gel (acrylamide:N,N' -bis-
methylene acrylamide = 100:1 [wt/wt], 0.1% [wt/vol] SOS, 0.05% [vol/vol] TEMED, 0.05% 
[wt/vol] ammonium persulfate, and 0.5 M Tris-HCl, pH 8.8) was used for determination of 
µ-calpain autolysis in the supernatant (sarcoplasmic portion), myofibril-bound µ-calpain 
(pellet portion), and desmin (whole muscle portion). A 15% polyacrylamide separating gel 
was used for determination of troponin-T (whole muscle portion). A 5% polyacrylamide gel 
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(acrylamide:N,N' -bis-methelyene acrylamide = 100: 1 [ wt/wt], 0.1 % [ wt/vol] SOS, 0.125% 
[vol/vol] TEMEO, 0.075% [wt/vol] ammonium persulfate, and 0.125 M Tris-HCl, pH 6.8) 
was used as stackers for both the 10% and 15% polyacrylamide separating gels. A 5% 
polyacrylamide continuous gel (acrylamide:N,N' -bis-methylene acrylamide = 100: 1 [ wt/wt], 
0.1 % [wt/vol] SOS, 0.067% TEMEO, 0.1 % [wt/vol] ammonium persulfate, 2 mM EOTA, 
and 200 mM Tris-HCl, pH 8.0) was used for determination of titin (whole muscle portion) 
and nebulin (whole muscle portion). 
Running conditions. Gels (10 cm wide x 8 cm tall) for desmin were run on SE 260 
Hoefer Mighty Small II electrophoresis unit (Hoefer Scientific Instruments, San Francisco, 
CA). Gels (10 cm wide x 12 cm tall) for µ-calpain autolysis in the supernatant, myofibril-
bound µ-calpain, and troponin-T were run on SE 280 Hoefer Tall Mighty Small (Hoefer 
Scientific Instruments, San Francisco, CA). The running buffer contained 25 mM Tris, 192 
mM glycine, 2 mM EOTA, and 0.1 % [ wt/vol] SOS. Gels were loaded with 30 µg of total 
protein for desmin, 60 µg of total protein for troponin-T, or 60 µg of total protein forµ-
calpain supernatant of protein and run at a constant voltage (Power Pac 1000, Biorad, 
Hercules, CA; Electrophoresis Power Supply EPS 300, Pharmacia Biotech, Piscataway, NJ) 
of 120 V. Gels to examine myofibril-bound µ-calpain were loaded with 80 µg of purified 
myofibrils and run at a constant 20 V. The gels for µ-calpain autolysis in the supernatant, 
myofibril-bound µ-calpain, troponin-T, and desmin were used for Western analysis. Gels (18 
cm wide x 16 cm tall) for titin and nebulin were run on SE 400 Hoefer units (Hoefer 
Scientific Instruments, San Francisco, CA). The same running buffer was used as described 
above with the addition of 0.1 % [ vol/vol] MCE. Gels for titin and nebulin analysis were 
loaded with 80 µg of protein and run at a constant amperage of 10 mA for approximately 24 
h. Following electrophoesis, gels for titin and nebulin were stained with 0.1 % [ wt/vol] 
Coomassie brilliant blue R-250, 40% [vol/vol] methanol, and 7% [vol/vol] glacial acetic 
acid. Gels for titin and nebulin were destained using an excess of 40% (vol/vol) methanol 
and 7% glacial acetic acid. 
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Transfer conditions. After electrophoresis, gels for desmin, troponin-T, µ-calpain 
autolysis in the supernatant, and myofibril-bound µ-calpain were transfered to polyvinylidene 
difluoride (PVDF) membranes (Schleicher and Schuell, Inc., Keene, NH) using a TE22 
Mighty Small Transphor electrophoresis unit (Hoefer Scientific Instruments, San Fransico, 
CA) at a constant voltage (FB570, Fisher Scientific, Pittsburgh, PA). of 90 V for 1.5 h. The 
transfer buffer consisted of 25 mM Tris, 192 mM glycine, 2 mM EDTA, and 15% [vol/vol] 
methanol. The temperature of the transfer buffer was maintained between 4°C and 8°C using 
a refrigerated circulating water bath (Ecoline RE106, Lauda Brinkmann, Westbury, NY). 
Western blots. Following transfer, the membranes were first incubated in PBS-
Tween (80 mM disodium hydrogen orthophosphate, anhydrous, 20 mM sodium dihydrogen 
orthophosphate, 100 mM sodium chloride, 0.1 % polyoxyethylene sorbitan monolaurate 
[Tween-20]) containing 5% non-fat dry milk (NFDM) for 1 hour to block nonspecific 
binding sites. Primary antibodies used in Western analysis included mouse anti-troponin-T 
(JLT-12, Sigma, St. Louis, MO) for 1 hat room temperature in a 1:30,000 dilution in PBS-
Tween; or polycolonal rabbit anti-desmin (Cat #V2022 Biomeda, Foster City, CA) for 2 h in 
a 1 :30,000 dilution of PBS-tween; or a 1: 10,000 dilution of mouse-anti-µ-calpain ( clone 
9A4H803, Affinity BioReagents, Golden, CO) raised against the 80-kDa subunit of skeletal 
muscle µ-calpain (domain ID, amino acids 465-520) in PBS-tween for a minimum of 12 hat 
4°C. Subsequently, the membrane was washed three times (10 min each) with PBS-Tween. 
Secondary antibodies used in Western analysis included goat anti-mouse-HRP (Cat# A2554 
Sigma, St. Louis, MO) for 1 h in a 1 :20,000 dilution (for troponin-T) or a 1: 10,000 (forµ-
calpain) in PBS-tween; goat anti-rabbit-HRP (Cat# A9169 Sigma, St. Louis, MO) for 1 h in 
a 1:20,000 dilution (for desmin) in PBS-Tween. After incubation of the secondary antibody, 
the blot was washed three times with PBS-Tween for 10 min each. Chemiluminescence 
(ECl™ Amersham Pharmacia Biotech, Piscataway, NJ) was used to detect the proteins using 
Kodak Scientific Imaging Film Biomax XL (Eastman Kodak Company, Rochester, NY). 
Troponin-T and desmin product densities were quantified by densitometry using 
Chemilmager 5500 (v. 3.04C, Alpha Innotech, San Leandro, CA) and AlphaEaseFC (v. 2.03, 
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Alpha Innotech, San Leandro, CA) analysis software. Troponin-T degradation was indicated 
by an increase of the 30 kDa band, desmin degradation was indicated by a decrease in 
intensity of an approximately 55 kDa band, and desmin degradation product was indicated by 
a increase in intensity of an approximately 48 kDa band. The intact desmin degradation ratio 
was calculated as the intensity of each sample over the intensity of the internal designated 
densitometry standard PIG 1 PM 4-13 (24 hrs postmortem). Troponin-T degradation and 
desmin degradation product ratio was calculated as the intensity of each sample over the 
intensity of the internal designated densitometry standard PIG B Control (Day 7 
postmortem). 
Muscle fiber type analysis 
Forty-five minute postmortem whole muscle samples were diluted with distilled, 
deionized water to 0.256 mg/ml. One vol of each sample was combined with one vol of 
tracking dye solution (50% [vol/vol] glycerol, 2% [wt/vol] SDS, 0.1% [wt/vol] bromophenol 
blue, and 60 mM Tris-HCl, pH 6.8) and 0.05 vol ofMCE for a final concentration of0.125 
mg/ml. Gel samples were frozen at -80°C for further analysis. 
Myosin heavy chain isoforms were determined using a modification of the procedure 
described by Talmadge and Roy (1993). A 6% separating acrylamide gel (acrylamide:N,N'-
bis-methylene acrylamide = 50:1 [wt/wt], 0.4% [wt/vol] SDS, 0.05% [vol/vol] TEMED, 
0.1% (wt/vol) APS, and 200 mM Tris-HCl, pH 8.8, 30% (vol/vol) glycerol, 100 mM glycine) 
and a 4% stacking acrylamide gel (acrylamide:N,N'-bis-methylene acrylamide = 50:1 
[wt/wt], 0.4% [wt/vol] SDS, 0.05% [vol/vol] TEMED, 0.1 % [wt/vol] APS, and 200 mM 
Tris-HCl, pH 6.7, 30% [vol/vol] glycerol, 4 mM EDTA) was used for determination of 
myosin heavy chain (MHC). Gels (18 cm wide x 16 cm tall) for MHC were run on SE 400 
Hoefer units (Hoefer Scientific Instruments, San Francisco, CA). The running buffer for the 
upper chamber contained 200 mM Tris, 300 mM glycine, 0.2% [ wt/vol] SDS, and 0.1 % 
[vol/vol] MCE and the running buffer for the lower chamber contained 100 mM Tris, 150 
mM glycine, 0.1 % [ wt/vol] SDS, and 0.1 % [ vol/vol] MCE. Gels for MHC were loaded with 
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2 µg of protein and run at a constant voltage of 100 V for approximately 48 h (at 4°C). After 
electrophoresis, the gel was fixed for 3 h in 30% [vol/vol] ethanol, 10% [vol/vol] acetic acid; 
washed 2 times (10 min each) in 10% [vol/vol] ethanol; washed 3 times (10 min each) in 
distilled, deionized water. The FASTsilver kit (Geno Technology, Inc. St. Louis, MO) was 
used to develop and fix the gel to examine MHC. The density of type I, type Ila, type 11b + 
type Ilx was quantified by using Chemilmager 5500 (v. 3.04C, Alpha Innotech, San Leandro, 
CA) and AlphaEaseFC (v. 2.03, Alpha Innotech, San Leandro, CA) analysis software. 
Within each sample, percentages for each myosin heavy chain (type I, type Ila, type 11b + 
type Ilx) isoforms over the total myosin heavy chain isoforms were calculated. 
Statistical analyses 
Data were analyzed using general linear model (PROC GLM) of SAS (ver. 8.01, TS 
Level OlMO). Each of the pigs (n=16) served as replications in the experiment. At each 
time point, comparisons were made between the three muscles (LD, SM, and PM). 
Significance was determined at the P < 0.05 level. 
Results and Discussion 
An average live weight, hot carcass weight, and fat thickness at the last rib of the 
sixteen purebred Duroc pigs as well as the color at 24 h postmortem of each muscle are 
included in Table 1. The PM had a lower (P < 0.01) L*, higher (P < 0.0001) a*, and higher 
(P < 0.0001) b* than the SM and ill. The ill had a significantly lower (P < 0.0001) a* and 
lower (P < 0.0001) b* than the SM and PM. These results show the PM to be a darker, 
redder muscle than both the SM and LD. 
Temperature and pH decline 
There were no differences (P > 0.05) between the LD, SM, and PM in temperature at 
30 min postmortem (Table 2). At 45 min and 1 h postmortem each muscle (LD, SM, PM) 
was significantly (P < 0.01) different in temperature with the SM having the highest 
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temperature and the PM the lowest and the LD temperature intermediate. The SM had a 
higher (P < 0.0001) temperature at 6 h, 12 h, and 24 h postmortem than the LD and PM. In 
contrast to the present study, Koohmaraie et al. (1988) showed beef PM to have a 
significantly higher temperature at 1 h (33.8°C), 6 h (21.7°C), 12 h (13.4°C), and 24 h 
(5.8°C) postmortem than the LD (32.4°C, 13.5°C, 4.7°C, and l.2°C, respectively). 
The PM had a more rapid pH decline within the first 6 h postmortem in contrast to the 
LD and SM (Table 2). The PM had a lower (P < 0.0001) pH at 30 min, 45 min, 1 h 
postmortem than the LD and SM. However, by 6 h, 12 h, and 24 h postmortem no 
differences (P > 0.05) were observed between the three muscles. Rapid pH declines in the 
PM have been documented in beef (Koomaraie et al., 1988; Ilian et al., 2001) and ovine 
(Dian et al., 2001). Koohmaraie et al. (1988) observed bovine PM to have a significantly 
lower pH than the LD at 1 h, 3 h, and 6 h postmortem, but not at 9 h, 12 h, and 24 h 
postmortem. Similarly, another study showed that bovine PM had a lower pH at 1, 3, and 6 h 
postmortem than the LD and ovine PM had a lower pH prior to 10 h postmortem than the LD 
and SM (Illian et al., 2001). 
The interaction between the temperature decline and the sarcotubular system could 
affect the pH decline of the PM. The less developed sarcotubular system of red muscles 
(Cassens and Newbold, 1967) may result a less efficient Ca2+ uptake by the sarcoplasmic 
reticulum (Newbold, 1980). Additionally, Cassens and Newbold (1967) stated that 
temperatures below 15°C in pre-rigor muscle would stimulate release of calcium ions due to 
rupture of the sarcotubular system and the sarcoplasmic reticulum Ca2+ ATPase pumps have 
a reduced ability to be able to resequester the Ca2+ at these particular temperatures. As a 
result of the free ca2+, the myofibrillar ATP would be activated and accelerated glycolysis 
would result (Newbold and Scopes, 1967). The rapid pH decline of the PM could result from 
a combination of conditions: (1) the faster rate of temperature decline in the PM than the LD 
and SM at 45 min and 1 h postmortem, (2) less developed sarcoplasmic reticulum in red 
muscles (Cassens and Newbold, 1967), and (3) greater intensity of MHC type I isoforms (see 
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below) than the LD and SM (Table 3). In conclusion, the PM pH decline is an interesting 
phenomenon that needs to be further investigated. 
Myosin heavy chain isoforms 
Termin et al. (1989) had used electrophoresis methods to separate the different 
myosin heavy chain (MHC) isoforms and had correlated the MHC isoforms to the myosin 
ATPase histochemistry method described by Brooke and Kaiser (1970). The slow type I 
fibers (determined histochemically) were the fastest migrating isoform (Termin et al., 1989). 
The fast type Ila fibers (determined histochernically) exhibited the lowest electrophoresis 
mobility (Termin et al., 1989). The fast type IIb fibers (determined histochernically) 
exhibited a slightly lower mobility than the MHC isoforms from type I fibers. The type Ild 
[Ilx] (determined histochernically) migrated between MHC of type Ila and MHC of type IIb 
(Termin et al., 1989). In summary, the study by Termin et al. (1989) showed that type I 
fibers contained MHC isoforms type I, and type Ila and type Ilb fibers contained MHC 
isoforms type Ila and Ilb, respectively. Type I fibers are characteristically highly oxidative, 
low or moderate glycolytic, type Ila fibers are moderate high oxidative, type IIb fibers are 
low to moderate oxidative or in other words, high glycolytic, and type Ild [Ilx] fibers are 
moderate high oxidative (Kelly and Rubinstein, 1994). 
In the present study, MHC isoforms (type I, type Ila, type Ilb, and type Ilx) were 
examined using electrophoresis (Figure 1 ). Type Ilb and IIx were not separated in the 
analysis due to the difficulty in differentiating between the two bands using densitometry. 
The MHC percent composition of type I, type Ila, and type IIb + type IIx were analyzed for 
the LD, SM, and PM (Table 3). The PM had a greater (P < 0.0001) percentage of MHC type 
Ila isoforms than the LD, but not significantly greater than the SM. The LD had the highest 
(P < 0.01) percentage of MHC Ilb + IIx isoforms followed by the SM. The PM had the 
lowest (P < 0.01) percentage of MHC IIb + IIx isoforms. The PM had a greater (P < 0.05) 
percentage of type I myosin heavy chain isoforms than the LD and the SM. 
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Differences in MHC type have been shown to be correlated to meat quality 
parameters, such as rate of pH of decline, ultimate pH, and color. Dupreux et al. (2002) 
showed an inverse correlations between MHC type Ilb and pH at 45 min postmortem (r = -
0.418, P < 0.01) and an inverse relationship between L* values and MHC type I in pigs of 
differing halothane gene status (nn, homozygous mutant; Nn, heterozygous; NN, 
homozygous normal). These results from Dupreux et al. (2002) would indicate a muscle 
with greater amounts of MHC type IIb would have a lower pH at 45 min postmortem and a 
muscle with more MHC type I would be a darker muscle. It is important to note that no 
direct comparisons can be made between the present study and Dupreux et al. (2002) due to 
the different methods used. Dupreux et al. (2002) used an indirect ELISA method to 
evaluate the relative amount of MHC and electrophoresis was used to examine MHC 
isoforms in the present study. When comparing the LD and the PM in the present study, the 
LD had a greater percentage of MHC type Ilb + IIx than the PM, but the LD did not have 
lower pH at 45 min postmortem, which would indicate a positive relationship between 45 
min pH and MHC type IIb + Ilx. Conversely, when comparing the LD and SM, the LD had 
a greater percentage of MHC type Ilb + IIx and had a lower pH at 45 min postmortem than 
the SM, which would indicate a negative relationship between 45 min pH and MHC type IIb 
+ Ilx. Additionally, the PM had a greater percentage of MHC type I than the LD and also 
had a significantly lower L * value (in agreement with the correlation reported by Dupreux et 
al. (2002)). 
Glycolytic potential 
Glycolytic potential has shown to be primarily related to the at-death levels of 
glycogen (Ouali, 1991). Measurements were taken on the LD and SM at 6 h postmortem. 
The LD had a significantly higher (128.18 µMfg) glycolytic potential than the SM (119.60 
µM/g). However, these differences were not great enough to impact the ultimate pH. The 
LD had an average ultimate pH of 5.67 and the SM had an average ultimate pH of 5.63. 
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µ-Calpain autolysis and localization 
Research supports that calpains, specifically µ-calpain, have an important role in 
postmortem proteolysis (Koohmaraie, 1996) and thus, ultimately impact the quality of meat. 
The ubiquitous calpain family consists of µ-calpain, m-calpain, and the endogenous inhibitor 
of the calpains, calpastatin. Researchers have questioned how calpains are active at 
physiological concentrations of 100 to 300 nM (Strobl et al., 2000) when µ-calpain requires 3 
to 50 µM Ca2+ for half-maximal activity (Edmunds et al., 1991) and m-calpain requires 300 
to 1000 µM Ca2+ for half-maximal activity (Goll, 1991). Edmunds et al. (1991) found 
autolysis (self-degradation) reduced the Ca2+ requirement for half-maximal activity from 3-
50 µM to 0.6 to 0.8 µM for µ-calpain. This autolysis would bring the Ca2+ requirement of 
the calpains closer to physiological range (Zimmerman and Schlaepfer, 1991). 
In the native form, µ-calpain and m-calpain are comprised of heterodimeric 
subunits-the 80 kDa and 30 kDa subunit. The Ca2+-mediated process (autolysis) causes 
removal of a 14 amino acid segment from the N-terminus of the 80 kDa subunit (ofµ-
calpain) to yield an active 78 kDa intermediate product and an additional 12 amino acids to 
be cleaved from the N-terminus of the 78 kDa subunit (of µ-calpain) to yield an active 76 
kDa subunit (Zimmerman and Schlaepfer, 1991). The small subunit (30 kDa) is autolyzed 
into a 18 kDa product via a 28 kDa intermediate (Zimmerman and Schlaepfer, 1991). 
At 45 min after exsanguination, the autolysis of the 80-kDa subunit of µ-calpain in 
the sarcoplasmic portion had occurred in 94% of the PM samples (Figure 2A: Sarcoplasmic), 
but autolysis of the 80-kDa subunit of µ-calpain of the LD and SM samples autolysis was not 
evident. At 6 h postmortem, partial autolysis of the 80-kDa subunit of µ-calpain had 
occurred in the all samples (LD, SM, and PM). Rowe et al. (2001a) found that a porcine 
muscle sample with a low 2-hour pH had decreased µ-cal pain activity at 24 h postmortem 
due to a greater rate of autolysis. In support of Rowe et al. (2001a), Koohmaraie (1992) 
found as the pH decreased from 7.0, 6.2, to 5.8, the rate of µ-calpain autolysis accelerated (in 
the absence of substrates). 
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Joo et al. (1999) had noted that sarcoplasmic proteins (phosphorylase, creatine kinase, 
triose phosphate isomerase and myokinase) are sensitive to pH and temperature early 
postmortem. In the case of low pH at high temperatures, these sarcoplasmic proteins had 
precipitated onto the myofibril. Boehm et al. (1998) observed throughout postmortem 
storage µ-calpain, a sarcoplasmic protein, had precipitated onto the myofibril as storage time 
increased. These observations by Joo et al. (1999) and Boehm et al. (1998) can be further 
extended to the present study. We observed a similar phenomenon in highly purified porcine 
myofibrils (Figure 2A, B, C: Myofibril). The PM had a rapid pH decline, earlier appearance 
of autolysis in the sarcoplasmic portion (Figure 2A: Sarcoplamic), and had an earlier 
appearance of myofibril-bound µ-calpain (Figure 2A: Myofibril). As a result, the pH decline 
may be affecting the rate of autolysis in the supernatant, which appears to parallel the rate of 
the appearance of myofibril-bound µ-calpain. 
Delgado et al. (2001) further studied myofibril-bound calpain and had focused on the 
calpain activity in ovine myofibrils. Their results suggested that myofibril-bound calpain 
may degrade desmin, troponin-T, titin, and nebulin. The earlier appearance of myofibril-
bound µ-calpain in the PM in the present study might allow µ-calpain to come into close 
proximately to substrates like titin and nebulin. Ti tin degradation (by evidence of the 
disappearance of the Tl (intact titin)) had taken place prior to 24 h postmortem in the PM 
(Figure 3). This could be related to an earlier appearance of myofibril-bound µ-calpain. The 
degradation of titin in the LD appeared to occur later, between 24 hand 120 h postmortem. 
At 120 h postmortem, the SM had both Tl (intact titin) and T2 (degradation product of titin) 
bands, which would indicate a slower rate of titin degradation in the SM. There was evident 
nebulin degradation in the LD and PM by 120 h postmortem. 
An important factor that affects the rate of calpain autolysis i.s calpastatin. The 
inhibition of calpains by calpastatin may have an important role in the appearance of 
myofibril-bound µ-calpain. Since, the SM had significantly higher calpastatin activity at 45 
min, 6 h, and 24 h postmortem (Figure 4) than the LD and PM, it can be hypothesized that a 
greater amount of µ-calpain in the SM is inhibited than that of the LD and PM. Additionally, 
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the inhibition of calpain by calpastatin in the SM may also influence the later appearance of 
µ-calpain in the purified myofibrils. 
Tenderness 
Wamer-Bratzler shear force of the LD and PM at 24 h postmortem. At 24 h 
postmortem, the PM had significantly (P < 0.01) lower Wamer-Bratzler shear force than the 
LD (Figure 5). These results are in agreement with Wheeler and Koohmaraie (1999). It is a 
common argument that the reason for differences in tenderness is due to variation in 
sarcomere length. Work by Herring et al. (1965a,b) and Wheeler and Koohmaraie (1999) 
studied the relationship between sarcomere length and tenderness. Herring et al. (1965a) 
showed that the sarcomere length of the psoas major was 3.7 µm when the carcass was 
suspended by the hind limb, but when placed horizontally during rigor, the sarcomere lengths 
of the PM had decreased to 2. 7 µm (Herring et al., 1965a). As a result of the decreased 
sarcomere length in the PM of the horizontally placed carcass, the PM in the horizontally-
placed carcass was a tougher product than the PM in the hind limb-suspended carcass. These 
results indicate that differences in sarcomere length may have an influence upon tenderness 
within in the PM muscle. However, Herring et al. (1965b) also showed that the PM was 
more tender than the SM even after both were excised prerigor and shortened to ~ 1.8 µm. 
Wheeler and Koohmaraie (1999) observed a similar result in ovine. The study compared 
sarcomere lengths of a control and shortened LD and PM. After 1 d of ageing, the shortened 
ID had a higher shear force value than the shortened PM despite both muscles having similar 
sarcomere lengths (1.36 and 1.45 µm, respectively) (Wheeler and Koohmaraie, 1999). The 
studies by Wheeler and Koohmaraie (1999) and Herring et al. (1965b) indicated that 
sarcomere length alone does not cause the PM to be a more tender muscle at 1 d postmortem. 
The results from the present study would indicate that the differences in the rate of titin 
degradation may have an important role in the observed differences in tenderness between 
the ID and PM at 24 h postmortem. 
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Rate of tenderization between the LD and PM. Although the LD and PM were not 
significantly different in Warner-Bratzler shear force at 48 hand 120 h postmortem, the LD 
had a greater change in tenderness between 24 h to 120 h than the PM (Figure 5). Variation 
in the rate of tenderness between the LD and PM may be influenced by µ-calpain activity. 
After observation of the casein zymography gels (Figure 6A), the PM had less µ-calpain 
activity by 45 min postmortem than the LD and SM. Koohmaraie et al. (1988) observed 
bovine PM to have less µ-calpain activity than the LD in samples taken immediately after 
slaughter. In contrast, Ilian et al. (2001) showed no significant differences between bovine 
LD and bovine PM in µ-calpain activity at 0.5 h postmortem. At 6 h postmortem, the PM 
had lost most µ-calpain activity in contrast to the LD and SM (Figure 6B). In agreement, 
Illian et al. (2001) found the bovine PM to have significantly lower µ-calpain activity at 6 h 
postmortem than the LD. 
Differences in pH may affect the differences observed in µ-calpain activity. Claeys et 
al. (2001) found µ-calpain activity to be significantly lower in a lower pH (5.71) LEAN 
(selected for high carcass lean content) line than the GROWTH (selected for maximum live 
weight gain) line that had a pH of 6.32. Claeys et al. (2001) hypothesized that faster pH 
decline accompanied with a higher calcium concentration, resulted in increased autolysis and 
therefore, lower µ-calpain activity. In the present study, the significantly lower pH in the PM 
in comparison to the LD and SM at 45 min postmortem may accelerate the activation ofµ-
calpain by evidence by a faster rate of autolysis in the PM and the loss of µ-calpain activity 
at 6 h postmortem. Additionally, the PM had limited changes in tenderization after 24 h 
postmortem and the LD had greater changes in tenderization after 24 h postmortem. In 
agreement, Koohmaraie et al. (1988) and Illian et al. (2001) discovered the PM to have lower 
µ-calpain activity than the LD and the LD to have a higher aging response in contrast to the 
PM after 24 h postmortem. 
Koohmaraie et al. (1988) suggested the true aging period of the PM was not measured 
because the earliest time point of measurement was at 24 h postmortem. The present data 
supports this hypothesis. The PM had a faster rate of µ-calpain autolysis in the supernatant, 
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loss of µ-calpain activity by 6 h postmortem, and titin degradation prior to 24 h. The faster 
rate of µ-calpain autolysis could indicate that µ-calpain is activated at an earlier time 
postmortem; thus, causing degradation of calpain susceptible proteins, such as titin, early 
postmortem. The PM loses µ-calpain activity at an early time point postmortem due to the 
increased rate of autolysis and therefore, the rate of tenderization was minimized after loss of 
activity. 
Wamer-Bratzler shear force between the LD and SM. The SM had a higher Warner-
Bratzler shear force at 48 h (P < 0.0001) and 120 h (P < 0.05) postmortem than the LD 
(Figure 7). µ-Calpain activity may ultimately impact the aging response of a muscle 
(Koohmaraie et al., 1988; Illian et al., 2001). The LD and SM had similar µ-calpain activity 
at 6 h postmortem (Figure 6B). At 24 h postmortem, both the LD and SM had minimal µ-
calpain activity. As previously discussed, autolysis of the 80-kDa subunit of µ-calpain was 
not evident at 45 minutes postmortem (LD and SM samples) but had occurred in the LD and 
SM samples at 6 h postmortem. This would indicate that factors may have a significant role 
in determining the differences between the LD and SM in Warner-Bratzler shear force at 48 
hand 120 h postmortem. 
Morgan et al. (1993) found increased shear force values in meat from bulls that had 
greater calpastatin activity at 24 h postmortem. Additionally, Koohmaraie et al. (1995) 
showed that meat from lambs with higher calpastatin activity had a higher Warner-Bratzler 
shear force at 1, 7, and 21 days postmortem. In the present study, the SM had higher 
calpastatin activity the LD at 45 min, 6 h, and 24 h postmortem (Figure 4) and the SM had a 
higher Warner-Bratzler shear force value. Geesink and Koohmaraie (1999) indicated that 
calpastatin inhibits the rate and extent of postmortem proteolysis. Furthermore, Lonergan et 
al. (2001) observed beef with higher calpastatin specific activity at 2 days postmortem and 
high Warner-Bratzler shear force at 2, 7, and 14 days postmortem had less proteolysis of 
troponin-T than beef with lower calpastatin specific activity at 2 days postmortem and low 
Warner-Bratzler shear force at 2, 7, and 14 days postmortem. Therefore, the results by 
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Lonergan et al. (2001) support the hypothesis that meat with high calpastatin activity would 
exhibit less proteolysis and less tenderization. 
Proteolysis has an important role in determining ultimate tenderness (Wheeler and 
Koohmaraie, 1994). Degradation of troponin-T and desmin has been shown to be correlated 
to 5 d Warner-Bratzler shear force in pork (Rowe et al., 2001b). Troponin-T (38,000 MW) is 
a one of the three subunits of troponin (troponin-T, troponin-C, and troponin-I) and binds 
strongly to tropomyosin (Bandman, 1987). Troponin has a pivotal role in muscle contraction 
as troponin-C binds Ca2+ to induce a conformational shift and allows for the movement of 
tropomyosin from the myosin-binding site on actin. The 30 kDa degradation product of 
troponin-T has been correlated (r == 0.295) to 5-day Warner-Bratzler shear force (Rowe et al., 
2001b). In the present study, there were no significant differences between the muscles in 30 
kDa degradation product of troponin-T at 24 h postmortem, but at 48 hand 120 h 
postmortem the LD had significantly more 30 kDa troponin-T product (Figure 8 A, B). 
Desmin is an intermyofibrillar protein that has a molecular weight of 212,000 (total of 
4 subunits) (Robson et al., 1991) and runs at approximately 55 kDa on SDS-PAGE. Desmin 
filaments run transversely within the myofibrils and are located at the periphery of the Z-line, 
and therefore, may serve to link adjacent myofibrils together (Robson et al., 1991). Taylor et 
al. (1995) hypothesized that degradation of the linkages between adjacent myofibrils would 
contribute to postmortem tenderization. Desmin degradation has been shown to be correlated 
(r == 0.437) to 5-day Warner-Bratzler shear force (Rowe et al., 2001b). The LD in the 
present study had less (P < 0.05) intact desmin at 24 h than the SM. The LD at both 48 h (P 
< 0.01) and 120 h (P < 0.05) postmortem had significantly less intact desmin than the SM 
and PM (Figure 9 A, B). In agreement, Wheeler et al. (2000) found the longissimus to have 
significantly more desmin degradation than the SM at one day postmortem. The results from 
the present study show that more desmin degradation and troponin-T degradation occurred in 
the LD than the SM, which may influence the differences observed in Warner-Bratzler shear 
force between the LD and SM at 48 hand 120 h postmortem. 
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An additional factor that warrants discussion is the differences in collagen between 
the LD and SM. When a trained sensory panel compared muscles based upon amount of 
connective tissue (1 = abundant, 8 = none), the longissimus (7.2) had a higher amount of 
connective tissue than the semimembranosus (6.7) (Wheeler et al., 2000). When comparing 
total collagen, the semimembranosus (4.5 mg/g) and longissimus lumborum (4.1 mg/g) were 
not significant from each other (Wheeler et al., 2000). Although total collagen was not 
measured in the present study, the results from Wheeler et al. (2000) indicates that the 
differences in collagen between the LD and SM would not impact the significant differences 
observed in Warner-Bratzler shear force in the present study. 
Water-holding capacity 
Skeletal muscle contains approximately 75% water (Hamm, 1986). The water is held 
within the filaments, in the interfilamental spaces, in the sarcoplasmic spaces, and in the 
extracellular space (Hamm, 1986). During the conversion of muscle to meat, water can 
move from within the intermyofilament space to extracellular spaces (Offer and Cousins, 
1992); thus, creating drip channels and the loss of water as drip loss (Offer and Knight, 
1988). Variation in water holding capacity may be influenced by early postmortem changes, 
such as pH, rigor mortis, and proteolysis. As the pH declines, the net negative charges 
decrease on the charged amino acid groups of the proteins as the pH approaches the 
isoelectric point of meat (pH 5.0) (Hamm, 1986). Therefore, there is less repulsion between 
proteins due to the reduced charged groups on the proteins. The second factor that impacts 
water holding capacity is rigor mortis. Rigor mortis takes place as a result of a loss of ATP 
and thus, the formation of actomyosin and reduction of the myofilament structure laterally 
(Offer and Knight, 1988). Offer and Cousins (1992) showed that lateral shrinkage causes 
fluid to be expelled from the myofibril into extracellular compartments within the muscle. 
Micrographs were taken to observe the changes within the muscle structure. Offer and 
Cousins (1992) observed fluid to accumulate in the perimysial network in beef 
sternomandibularis muscle in micrographs taken at 4 to 6 h postmortem. By 24 h 
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postmortem, they observed fluid to accumulate in the perimysium and endomysium 
structures (Offer and Cousins, 1992). Kristensen and Purslow (2001) expanded upon the 
work of Offer and Cousins (1992) to hypothesize that degradation intermyofibril linkages 
and costameric proteins may allow for the muscle cell to "open up" (expand laterally) and 
allow water to move back in or to be retained in the muscle cell. 
The current study showed that PM had lower (P < 0.05) drip loss after 24 h of storage 
than the LD. Likewise after. 96 h of storage the PM had a lower (P < 0.0001) percent drip 
loss than the SM and LD (Figure 10). The relationship between percent drip loss between 
the LD and PM are similar to the work reported by Jensen et al. (1997). They observed the 
LD to have a numerically higher percent drip loss than the PM at 48 h of storage. 
The variation in water holding capacity between muscles may be due to differences in 
postmortem degradation of and intermediate filaments such as desmin (Kristensen and 
Purslow, 2001; Rowe et al., 2001b; Morrison et al., 1998). At 45 min postmortem, the PM 
had more (P < 0.0001) desmin degradation product than the LD (Figure 11 A, B) and more 
(P < 0.01) desmin degradation product than the SM. At 6 h postmortem, the PM still had 
more (P < 0.01) desmin degradation product than the LD and SM. By 24 h postmortem, the 
PM was only different (P < 0.05) from the SM. It is our hypothesis that more water was able 
to be retained in the muscle cell early due to rapid degradation of such intermyofibril 
linkages (desmin) and creating more 'space' for water to reside. Therefore, less water would 
be lost initially and ultimately would result in a greater water holding capacity. 
Although Wheeler and Koohmaraie (1999) did not measure water-holding capacity 
and pH, the desmin degradation results conflict with the present study. They had noted than 
desmin tended (P = .08) to be more degraded in the LD (50.4% of standard) than the PM 
(35.1 % of standard) regardless of the two aging times ( d 1 and d 10). Different antibodies 
used for Western blotting and different time points at which muscle samples were collected 
and could explain the different results observed between the present study and Wheeler and 
Koohmaraie (1999). The present study had used a polycolonal rabbit anti-desmin (Cat# 
V2022 Biomeda, Foster City, CA) and Wheeler and Koohmaraie (1999) used a monoclonal 
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anti-desmin (clone D3; developed by D.A. Fischman and obtained from the Developmental 
Studies Hybridomal Bank). The different antibodies may ultimately affect the ability to 
detect different desmin degradation products. Wheeler and Koohmaraie (1999) measured 
the desmin degradation products, but they had used two time points-1 day postmortem and 
10 days postmortem. Our data suggests that significant differences in desmin degradation 
product as measured by densitometry occurred prior to prior to 24 h postmortem. Therefore, 
Wheeler and Koohmarie (1999) may have missed the early postmortem changes in the PM. 
Results from Schafer et al. (2002) showed the degradation of desmin at 1, 15, 30 min, 
1, 2, and 24 h postmortem to not be related to drip loss. Differences in the analysis of desmin 
degradation products and antibodies used for Western blotting could explain the different 
results observed between the present study and Schafer et al. (2002). In their analysis, they 
had only analyzed the intact desmin and not the degradation products and found minimal 
degradation at 3 h (99% of the 53 kDa product). Their analysis of intact desmin is in 
agreement with the results from the present study. In the early time points (45 min and 6 h 
postmortem), there were no significant differences in intact desmin between the LD and PM. 
As previously discussed, we observed the LD to have significantly less intact desmin at 48 h 
and 120 h postmortem than the SM and PM. Due to only using early sampling time points, 
the study by Schafer et al. (2002) may have missed the differences of intact desmin 
degradation. In the present study, the sensitivity of the antibody that was used allowed us to 
determine the desmin degradation product early postmortem (45 min and 6 h postmortem). 
Schafer et al. (2002) were also able to detect desmin degradation product at 6 h postmortem, 
however, they did not conduct any analysis on this product. 
Temperature and pH may influences drip loss. Proteins (sarcoplasmic) are denatured 
readily at pH values below 6.0 and at a temperature of 37°C (Scopes, 1964). Myofibrillar 
proteins (such as myosin) can also denature with a low pH value at high temperatures. 
Myosin denaturation decreases the lateral space within the myofibril and thus, water can be 
expelled in the form of drip loss (Offer and Knight, 1988). Even though the PM had a rapid 
pH decline within the first 1 h postmortem at a relatively high temperature (above 26.3°C), 
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the PM product resulted in a high water-holding capacity product with a reddish color. 
Honikel and Kim (1986) observed the onset rigor mortis by 1 h postmortem in the PM. 
Therefore, the myosin would be protected against denaturation by combination with actin 
(Offer, 1991). It is hypothesized that if the PM had a faster rate of the onset of rigor, it 
would decrease the susceptibility of the denaturation of myofibrillar proteins. 
Results from the present study suggest that the faster rate of autolysis of µ-calpain 
may indicate an earlier activation of µ-calpain and an earlier loss of µ-calpain activity in the 
PM. Therefore, the earlier activation of µ-calpain may in tum, result in an earlier 
degradation of desmin and titin. The degradation of desmin early postmortem could thereby 
be related to the increased water-holding capacity. The degradation of titin may explain the 
lower 24 h postmortem Wamer-Bratzler shear force in the PM. When comparing the LD and 
SM, the SM had a higher Wamer-Bratzler shear force at 48 hand 120 h postmortem. This 
may be due to higher calpastatin activity in the SM and less proteolysis of desmin and 
troponin-T in the SM at 48 hand 120 h postmortem. In conclusion, these results show 
differences in µ-calpain activity, autolysis, and localization; calpastatin activity; and 
proteolysis can explain some variation in water holding capacity and tenderness. 
Implications 
These observations suggest biochemical factors such as the rate of pH decline, µ-
calpain autolysis and precipitation onto the myofibril, µ-calpain activity, and calpastatin 
activity could be used to predict water-holding capacity and tenderness. Further studies on 
controlling these biochemical factors may lead to producing pork product that is consistently 
tender and has high water-holding capacity. 
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Table 1. Description of carcasses (n=16). 
Mean SE 
Live weight (kg) 120.28 1.66 
Hot carcass weight (kg) 94.39 1.36 
Fat thickness ( cm) at last rib 2.17 0.12 
L* 
Longissimus Dorsi (LD) 46.36 a 1.178 
Semimembranosus (SM) 46.53 a 1.102 
Psoas Major (PM) 43.04 b 0.873 
a* 
Longissimus Dorsi (LD) 3.70 3 1.034 
Semimembranosus (SM) 6.33b 1.010 
Psoas Major (PM) 10.99 C 1.202 
b* 
Longissimus Dorsi (LD) 10.32 a 0.517 
Semimembranosus (SM) 12.61 b 0.429 
Psoas Major (PM) 15.01 C 0.340 
a, b, c Within a column, means without a common superscript letter differ (P < 0.05). 
77 
Table 2. Effect of muscle on temperature and pH decline during the first 24 h postmortem. 
LD SE SM SE PM SE 
Muscle temperature 
30min 35.89a 0.171 36.37a 0.781 35.83 a 0.381 
45min 33.65 a 0.431 34.93b 0.510 32.22c 0.574 
lh 29.94a 0.475 32.30b 0.199 26.34c 0.503 
6h 8.89a 0.473 15.30b 0.497 8.03a 0.350 
12h 3.31 a 0.356 7.28b 0.439 3.41 a 0.343 
24h 1.94 a 0.161 2.42b 0.193 1.85a 0.178 
Muscle pH 
30min 6.07 a 0.064 6.22b 0.251 5.67c 0.044 
45min 5.96a 0.074 6.06a 0.222 5.49b 0.047 
lh 5.84a 0.074 5.89a 0.261 5.49b 0.063 
6h 5.68a 0.051 5.71 a 0.150 5.63a 0.024 
12h 5.67a 0.040 5.69a 0.038 5.67a 0.027 
24h 5.67a 0.034 5.69a 0.108 5.69a 0.021 
a. b, c Within a row, means without a common superscript letter differ (P < 0.05). 
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Table 3. Myosin heavy chain isoform analysis of the longissimus dorsi (LD), sernimembranosus 
(SM), and psoas major (PM). 
LD SE SM SE PM SE 
Myosin Heavy Chain Isoform 
Type Ila 42.6%a 0.031 55.5%ab 0.031 63.4%b 0.111 
Type IIb + IIx 50.6%a 0.025 38.0%b 0.031 25.5%c 0.087 
Type I 6.8%a 0.013 6.6% 3 0.012 11.1%b 0.076 
a, b, c Within a column, means without a common superscript letter differ (P < 0.05). 
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Figure 1. Coomassie stained 6 % polyacrylamide gel showing differences in myosin 
heavy chain isoforms at 45 min postmortem of the longissimus dorsi (LD), 
semimembranosus (SM), and psoas major (PM). Lanes 1, 2, and 3 correspond 
to the LD, SM, and PM, respectively, of a typical animal in the study. The top 
band is the typ_e Ila isoforms, the second band is the type IIb and llx isoforms, 
and the bottom band is the type I myosin heavy chain isoforms. All lanes 
were loaded with 2 µg of protein. The gel used for the figure was run as 
described in the materials and methods. In contrast to the gels used for 
densitometry, the gel used for this figure was stained with 0.1 % Coomassie 
brilliant blue R-250, 40% (vol/vol) methanol, and 7% glacial acetic acid and 
was destained using an excess of 40% (vol/vol) methanol and 7% glacial 
acetic acid. 
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Figure 2. Representative western blots depicting µ-calpain autolysis at 45 min, 6 h, and 
24 h postmortem of the longissimus dorsi (LD), semimembranosus (SM), 
psoas major (PM). Forty-five min (A: Sarcoplasmic), 6 h (B: Sarcoplasmic), 
and 24 h (C: Sarcoplasmic) postmortem samples were made from the extract 
of the sarcoplasm. Lanes 1, 2, and 3 correspond to the LD, SM, and PM, 
respectively, of a typical animal in the study. All lanes were loaded with a 60 
µg of protein. Forty-five min (A: Myofibril), 6 h (B: Myofibril), and 24 h (C: 
Myofibril) postmortem samples were made from purified myofibrils. Lanes 2, 
3, and 4 correspond to the LD, SM, and PM, respectively, of the same animal 
in A, C, and E. All lanes were loaded with 80 µg of protein. The uppermost 
band is the unautolyzed 80-kDa subunit, the second band is the autolyzed 78-
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Figure 3. Coomassie stained 5 % polyacrylamide gel depicting titin and nebulin 
degradation at 45 min, 6 h, 24 h, 48 h, and 120 h postmortem from whole 
muscles extracts of the longissimus dorsi (LD), semimembranosus (SM), and 
psoas major (PM). Lanes 1, 4, 7, 10, and 13 correspond to the LD of a typical 
animal in the study at 45 min, 6 h, and 24 h, 48 h, and 120 h postmortem, 
respectively. Lanes 2, 5, 8, 11, and 14 correspond to the SM at 45 min, 6 h, 
and 24 h, 48 h, and 120 h postmortem, respectively. Lanes 3, 6, 9, 12, and 15 
correspond to the PM at 45 min, 6 h, and 24 h, 48 h, and 120 h postmortem, 
respectively. All lanes were loaded with 60 µg of protein. The uppermost 
band is the intact titin (Tl), the second band is titin degradation product (T2), 




45 min 6h 24 h 48 h 120 h 
r , r , r , r , r ' LD SM PM LD SM PM LD SM PM LD SM PM LD SM PM 
l l:t~~~--~~-- -" • I 
85 
Figure 4. Calpastatin activity (units/g of tissue) at 45 min, 6 h, and 24 h postmortem in 
the longissimus dorsi (LD), semimembranosus (SM), and psoas major (PM). 
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Figure 5. Wamer-Bratzler shear force values at 24 h, 48 h, and 120 h postmortem in the 
longissimus dorsi (LD) and psoas major (PM). Means without common 
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Figure 6. Casein zymography gels depicting µ-calpain activity in sarcoplasmic extracts 
of the longissimus dorsi (LD), semimembranosus (SM), and psoas major (PM) 
at 45 min postmortem (A) and 6 h postmortem (B). Lanes 1, 2, and 3 
correspond the LD, SM, and PM, respectively, of a typical animal in the 
study. Lane 5 corresponds to purified m-calpain (0.35 units/mL). Lanes 1, 2, 
and 3 were loaded with 140 µg of protein. Lane 5 was loaded with 10 µL of 
0.35 units/mL of purified m-calpain to make a total of 0.0035 m-calpain units. 
The uppermost clear zone indicates µ-calpain activity and the bottom clear 
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Figure 7. Wamer-Bratzler shear force values at 48 hand 120 h postmortem of the 
longissimus dorsi (LD) and semimembranosus (SM). Means without common 
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Figure 8. Densitometry results of troponin-T degradation product (30 kDa) at 48 h and 
120 h postmortem from western blots of whole muscle samples from the 
longissimus dorsi (LD), semimembranosus (SM), and psoas major (PM). The 
ratio of the 30 kDa product was calculated as the intensity of each sample over 
the intensity of a designated densitometry standard sample. A whole muscle 
sample from a porcine LD at day 7 postmortem was used as the designated 
standard for densitometry analyses. Means without common superscripts ( a, 
b) within a time point differ at the P < 0.05 level. B) Western blot depicting 
troponin-T degradation at 120 h postmortem of the longissimus dorsi (LD), 
semimembranosus (SM), psoas major (PM) of a typical animal in the study. 
Lane 1 corresponds to the internal standard (porcine LD at day 7 postmortem). 
Lanes 2, 3, and 4 correspond to the LD, SM, and PM, respectively from a 
typical animal in the study at 120 h postmortem. Top bands are the intact 
troponin-T. The first band of the second set of bands is the 30 kDa 
degradation product oftroponin-T. The underlying bands are additional 
troponin-T degradation products. All lanes were loaded with 60 µg of protein. 
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Figure 9. Densitometry results of intact desmin degradation at 48 hand 120 h 
postmortem from whole muscles samples of the longissimus dorsi (LD), 
semimembranosus (SM), and psoas major (PM). The ratio of intact desmin 
degradation was computed as intensity of each sample over the intensity of a 
designated densitometry standard sample. A whole muscle sample from a 
porcine PM at 24 h postmortem was used as the designated standard for 
densitometry analyses. Means without common superscripts ( a, b) within a 
time point differ at the P < 0.05 level. B) Western blot of intact desmin 
degradation at 120 h postmortem of the longissimus dorsi (LD), 
semimembranosus (SM), psoas major (PM). Lane 1 corresponds to the 
internal standard (porcine PM at 24 h postmortem). Lanes 2, 3 and 4 
correspond to the LD, SM, and PM, respectively, from a typical animal in the 
study at 120 h postmortem. The uppermost band seen in the standard sample 
is the intact desmin and the lower band is the desmin degradation product. All 
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Figure 10. Percent drip loss of longissimus dorsi (LD), semimembranosus (SM), psoas 
major (PM) at 24 h and 96 h of storage. Percent drip loss was calculated by 
the following equation: [(beginning weight - final weight)/ beginning 
weight] x 100. Means without common superscripts (a, b) within a time point 
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Figure 11. Densitometry results of desmin degradation product at 45 min and 6 h 
postmortem from whole muscles samples of the longissimus dorsi (LD), 
semimembranosus (SM), and psoas major (PM). The ratio of desmin 
degradation was calculated as intensity of each sample over the intensity of a 
designated densitometry standard sample. A whole muscle sample from a 
porcine LD at day 7 postmortem was used as the designated standard for 
densitometry analyses. Means without common superscripts ( a, ab, b) within a 
time point differ at the P < 0.05 level. B) Western blot depicting desmin 
degradation product at 45 min and 6 h. Lane 1 corresponds to the internal 
standard (porcine LD at 7 days postmortem). Lane 2, 3, and 4 correspond to 
the LD, SM, and PM, respectively, of a typical animal in the study at 45 min 
postmortem. Lane 5, 6, and 7 correspond to the LD, SM, and PM, 
respectively, of the same animal in lanes 2, 3, and 4 at 6 h postmortem. The 
uppermost band seen in the standard sample is the intact desmin and the lower 
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Relationships between rate of pH decline, µ-calpain autolysis, µ-calpain activity, 
proteolysis, and ultimately, water holding capacity and tenderness can be drawn from this 
study. The first relationship is between early biochemical factors that ultimately may impact 
early postmortem tenderness. At 24 h postmortem, the longissimus dorsi had a significantly 
greater Wamer-Bratzler shear force value than the psoas major. However, at 48 hand 120 h 
postmortem there were no significant differences in Wamer-Bratzler shear force between the 
longissimus dorsi and psoas major. The lower Wamer-Bratzler shear force of the psoas 
major at 24 h postmortem may result from more evident titin degradation at 24 h 
postmortem. Since titin acts as a scaffold within the myofibril, the degradation of such a 
protein may result in myofibrillar fragmentation and therefore, increased tenderness. At 24 h 
postmortem the psoas major had a faster rate of pH decline in comparison to the longissimus 
dorsi. Consequently, the pH decline may have influenced the faster rate of µ-calpain 
autolysis in the sarcoplasmic fraction and the earlier appearance µ-calpain precipitation onto 
the myofibril. The more rapid postmortem degradation of titin and ultimately, decreased 
shear force may have resulted from the faster rate of µ-calpain precipitation in the psoas 
major. At 48 hand 120 h postmortem, the Wamer-Bratzler shear force of the psoas major is 
similar to the Wamer-Bratzler shear force at 24 h postmortem. The limited change in 
tenderization after 24 h postmortem may result from the loss of µ-calpain activity in the 
psoas major by 6 h postmortem. It can be hypothesized that µ-calpain was activated at an 
earlier point in the psoas major than the longissimus dorsi by evidence of a faster rate of 
autolysis. However, the faster rate of autolysis in the psoas major also resulted in a loss ofµ-
calpain activity at an earlier time period. In summary, the lower Wamer-Bratzler shear force 
in the psoas major at 24 h postmortem, the ti tin degradation prior to 24 h postmortem, and 
limited change in tenderization of the psoas major after 24 h postmortem would indicate the 
majority of the that tenderization in the psoas major occurs prior to 24 h postmortem. 
Therefore, the rate of pH decline, µ-calpain autolysis and precipitation onto the myofibril, µ-
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calpain activity, and titin degradation may be reliable predictors of shear force early 
postmortem (24 h). 
The second relationship is between calpastatin activity, proteolysis and rate of 
tenderization throughout the aging time period. Differences in tenderness were found 
between the semimembranosus and longissimus dorsi at 48 hand 120 h postmortem with the 
semimembranosus having a greater Warner-Bratzler shear force than the longissimus dorsi. 
Although the semimembranosus and longissimus dorsi had similar µ-calpain activity at 6 h 
postmortem, the semimembranosus had significantly higher calpastatin activity at 45 min, 6 
h, and 24 h postmortem. The increased calpain inhibition potential in the semimembranosus 
would therefore reduce µ-calpain action in myofibrillar degradation. In addition, it was 
noted that the longissimus dorsi had more intact desmin degradation and troponin-T 
degradation (appearance of the 30-kDa product) than the semimembranosus. The greater 
amount of proteolysis of the longissimus dorsi could result in more myofibrillar 
fragmentation and weakening of the myofibrils to result in a more tender muscle. In 
conclusion, µ-calpain activity and calpastatin activity early postmortem, and postmortem 
proteolysis may be reliable predictors of shear force during postmortem aging. 
The third relationship is between degradation of specific intermyofibrillar proteins 
and water holding capacity. The psoas major had a lower percent drip loss at 24 h than the 
longissimus dorsi and had a lower percent drip loss at 96 h of storage than the longissimus 
dorsi and semimembranosus. Additionally, at 45 min and 6 h postmortem the psoas major 
had more desmin degradation product than did the longissimus dorsi and semimembranosus. 
It is our hypothesis that more water was able to be retained in the muscle cell due to rapid 
degradation of such intermyofibril linkages (desmin) and creating more 'space' for water to 
reside. Therefore, less water would be lost initially in the psoas major and ultimately would 
result in a greater water holding capacity. As previously discussed, the faster rate of pH 
decline of the psoas major may also increase the rate of µ-calpain autolysis and µ-calpain 
activity initially and therefore, earlier postmortem degradation of desmin. In conclusion, the 
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rate of pH decline, µ-calpain autolysis and precipitation onto the myofibril, µ-calpain 
activity, and proteolysis may be reliable predictors of water-holding capacity. 
These observations suggest biochemical factors such as the rate of pH decline, µ-
calpain autolysis and precipitation onto the myofibril, µ-calpain activity, and calpastatin 
activity could be used to predict water-holding capacity and tenderness. 
104 
ACKNOWLEDGEMENTS 
First and foremost, I would like to acknowledge the National Pork Board for funding 
this project and Al Christian, Iowa State University Swine Teaching Farm Manager, for 
providing the pigs for the project. A special thank you to my major professor, Dr. Elisabeth 
Huff-Lonergan for her support and advice throughout my graduate program. Thank you to 
Dr. Steven Lonergan for serving as a valuable resource throughout my project. I greatly 
appreciate Dr. Lester Wilson for his time and effort in preparing this thesis. An additional 
thank you to Roger Johnson at Triumph Pork Group, LLC/Farmland Industries, Inc. for 
providing me the invaluable internship that began my interest in the area of pork quality. 
I would also like to thank my parents, Doug and Lynn, and my brother Justin. A 
special thank you to my mom for her continued support throughout my graduate program. It 
was always reassuring to know that the challenges that I faced in graduate school, she could 
easily relate to each of them as she simultaneously worked toward her Masters. 
A special thanks to my fellow comrades: Aaron Asmus, Chih-Ming Chen, Kathy 
Davis, Darin Doerscher, Jason Ellis, Matt Gardner, Gustavo Gonzalez, Terry Houser, Travis 
Krause, Eddie Kusmider, Kasey Maddock, Wigberto Nunez, Abby Ostendorf, Laura Rowe, 
and Jay Wenther. Finally, thank you to my fiance, Brian Melody. 
